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Abstract 
 
In recent years, huge advances have been made in the development of photovoltaic (PV) 
technology. Anti-reflective (AR) and anti-soiling (AS) coatings have demonstrably 
improved the energy output of PV modules and are establishing commercial viability. 
However, the durability of such coatings has not been sufficiently addressed and 
remains a key concern.  
In this thesis, a range of testing methods have been identified and evaluated for the 
purpose of assessing the performance, durability, environmental stability and wear 
resistance of AR and AS hydrophobic coatings. A comprehensive set of performance 
parameters and characterisation tools were identified to assess the degradation 
mechanisms of several coating formulations. Comparative results were generated for 
coatings before and after being subjected to a range of stress tests. New test rigs and 
procedures, including a sand impact and raindrop simulation test, were also designed 
and implemented to provide further insight into the degradation of coating performance 
following exposure to sand and rain water. 
The durability of two types of single layer (ARC1 and ARC2) and a multilayer anti-
reflective (MAR) coatings were investigated. The reflectance obtained from single layer 
AR coatings after damp heat and abrasion tests suggest poor durability and inadequate 
useful lifetime despite an initial performance increase in transmittance when applied to 
PV cover glass. The test results on the MAR coating, designed and produced in CREST, 
showed excellent durability against all environmental and mechanical stresses. 
Six variants of a hydrophobic coating, ASC1 were stress tested during the development 
of an anti-soiling coating for PV cover glass application. The degradation mechanisms 
of each variant were used to improve the performance and durability of the coating. In 
addition, the ASC2 hydrophobic coating, that is commercially available for application 
on PV cover glass, was durability tested under same stresses as ASC1 coating for 
comparison. The ASC2 coating showed good resistance to mechanical stress and UV 
exposure. However, damp heat testing of the ASC2 coating lead to a significant 
performance drop revealing that it is not durable in high temperature and humidity 
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conditions. The results indicate that better performance could be achieved if these types 
of coatings are designed and developed for specific climatic conditions.  
Three hydrophobic coatings commercially available for other applications such as on 
ophthalmic lenses and smart phone displays, ASC3, ASC4 and ASC5 coatings were 
subjected to a range of stress tests to demonstrate suitability for use in PV applications. 
The hydrophobic properties of ASC3 and ASC5 coatings showed good durability 
against mechanical abrasion, but both failed to perform well against exposure to UV 
light. There was no visual or performance degradation observed after both abrasion 
resistance and sand impact test on both ASC3 and ASC5 coatings. Scanning electron 
microscope (SEM) and transmission electron microscope (TEM) analysis of ASC5 
showed that the nanoparticles responsible for the hydrophobic properties of the coating 
degraded under UV light with the loss of fluorine. Nevertheless, the ASC5 coating 
showed excellent stability against damp heat and thermal cycling stress. Furthermore, 
the ASC4 coating showed good durability against temperature cycling and UV light 
exposure. The coating also retained its hydrophobicity after 1000 hours of damp heat 
exposure. In addition, the coating showed a variable abrasion resistance against 
different abrasive materials. The test results suggest that ASC4 coating has good 
adhesion to the glass substrate with good durability against cheesecloth and felt pad 
abrasion. However, a harder scour pad damaged the surface of ASC4 severely. The test 
results suggest that all three hydrophobic coatings (ASC3, ASC4 and ASC5) have their 
strengths and weaknesses to withstand certain environmental and mechanical stresses 
due to their design for different applications. The durability of these coatings against 
UV light and abrasion resistance would need to be improved if they are to be applied to 
PV cover glass. 
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1 Introduction 
 
Energy demand is growing! The average energy consumption growth rate for the world 
between 2006 and 2016 was calculated to be 1.7% per year. In 2017, this growth rate  
increased to 2.2%, reaching a total energy consumption equivalent to ~13.5 billion 
tonnes of oil [1]. The global power generation accounted for more than 40% of total 
energy production, with an increase of 2.8% in the last year. For decades, the burning of 
fossil fuels such as oil, coal and natural gas have been the primary source for energy 
production. However, burning fossil fuels to meet energy demand produced ~33.4 
billion tonnes of CO2 in 2017 [1]. The emission of greenhouse gases, such as CO2, into 
the atmosphere has been shown to cause a gradual increase in the overall atmospheric 
temperature by absorbing and re-emitting infrared radiation, a phenomenon known as 
‘global warming’. To reduce the effect of this problem, there are two options; reduce 
energy consumption or replace the fossil fuel usage with renewable or sustainable 
energy resources such as wind, hydro and solar. 
The share of renewables in global power generation has been reported to be ~26.5% by 
the end of 2017, of which 1.9% was generated by solar PV systems [2]. An additional 
~98 gigawatts (GW) of solar PV generation capacity was installed in 2017, bringing 
total global PV systems capacity to 402 GW [2].  
 
1.1 Solar Resource 
The sun is a source of electro-magnetic radiation that is distributed across different 
wavelengths. The solar constant is the mean solar irradiance per unit area which is 
equal to 1360 W/m2 at just outside earth’s atmosphere. The sun provides a total solar 
radiation of ~613*1015 Watt hour (Wh) annually [3]. The world solar atlas in Figure 1.1 
[4] shows the average of daily and yearly sum of PV power potential in kWh/m2 in 
different parts of the world. 
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When the light passes through the atmosphere, it is absorbed and scattered, causing a 
reduction in the total irradiance reaching the surface of the earth. The Air Mass (AM) is 
the path length of the light travels through the atmosphere normalised to the shortest 
path length possible and it can be calculated by Equation 1.1 [5]; 
 
ܣܯ ൎ 1/ cos	ሺ90 െ ݄ሻ   Equation 1.1 
 
where h is the solar elevation. Figure 1.2 [6] shows the AM values at different solar 
elevation angles.  
 
 
 
Figure 1.1-The world solar atlas for PV power potential  
  
Figure 1.2-Relation between Air Mass (AM) and solar elevation (h)  
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Figure 1.3 [7] shows the spectral irradiance received from the sun in the range of 280-
4000 nm wavelength at AM0 (extra-terrestrial) and AM1.5G (global spectral irradiance) 
on the earth’s surface [5].  
 
 
 
The light below 300 nm wavelength is filtered by ozone, nitrogen and oxygen, whereas 
the dips seen at specific wavelengths are caused by the absorption of the irradiance by 
CO2 and H2O [5]. The reference spectrum that is used to calculate of solar cell 
performance is AM1.5 which corresponds to the sun at a solar elevation angle of 41.8°. 
This value represents the overall yearly average spectrum for the mid-latitude regions.  
 
1.2 Power Generation from Photovoltaic (PV) Technology 
PV modules are devices that can convert sun light into electricity. They are made up of 
a series of solar cells. A solar cell is a semiconductor material that generates electricity 
when the energy of a light photon is greater than the band gap energy of the 
semiconductor material (E>Eg, where Eg, is the band gap energy). The energy of a 
photon is a function of wavelength and can be calculated by Equation 1.2; 
 
ܧ ൌ ݄v ൌ 	݄ܿ/ߣ    Equation 1.2 
  
Figure 1.3-Spectral irradiance of sunlight at AM0 (outside of atmosphere) and 
AM1.5G (at the earth’s surface) according to ASTM G173-03 
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Where h is the Plank’s constant, v is the frequency of radiation, c is the velocity of light 
and ߣ is the wavelength of light.  
Typically, solar cells are categorised based on the semiconductor material used. The 1st 
generation of solar cells is based on crystalline silicon. These cells are produced using 
crystalline wafers with a thickness of ~150 µm. Due to the indirect band gap of silicon, 
all the energy should be absorbed by the wafers. Mono-crystalline cells are produced 
from a single-grain size silicon wafer (single grain size>10cm) with a homogenous 
crystal structure and consistent electrical properties. Despite having good material 
properties, the growing process and availability makes them the most expensive type of 
silicon [8]. The poly-crystalline cells have smaller grains of different crystal structures 
which causes losses in the grain boundaries of the cells, and thus, they achieve lower 
efficiency than mono-crystalline cells [9]. The 2nd generation solar cells are known as 
the thin-film technology which includes amorphous silicon (a-Si), cadmium telluride 
(CdTe) and copper indium (gallium) di-selenide (CI(G)S) technologies. CdTe and 
CIGS thin-film solar cells are a popular research topic due to their low-cost production, 
potential to achieve higher efficiencies and stable performance. The direct band gap of 
1.45 eV makes CdTe ideal for photo-conversions. CIGS is a semiconductor which has a 
direct band gap of approximately 1.2 eV and the highest absorption value for all 
semiconductor materials making it an attractive material for thin films [5]. The 3rd 
generation of solar cells include perovskites, dye-sensitised, organic photovoltaics 
(OPV) and quantum dots solar cells which are all currently under intensive research.  
The maximum theoretical efficiency of p-n junction solar cells with a certain band gap 
was calculated by Shockley and Queisser [10]. The theoretical efficiency of silicon 
solar cells with an energy band gap of 1.34 eV is calculated to be 32.23% [11]. The 
laboratory cells efficiency records are 26.7%, 22.3%, 22.9% and 22.1% for mono, multi 
crystalline, CIGS and CdTe, respectively. In 2017, the wafer based crystalline silicon 
PV technology accounted for 95% of module production. Multi-crystalline silicon has 
accounted for 62% of the total PV module production. The thin-film technologies 
shared 5% of the total production [12].  
 
1.3 Importance of Performance and Durability 
Sunlight is a clean and most importantly, a free resource to generate electricity after the 
capital investment of a PV power plant has been covered. The levelised cost of 
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electricity (LCOE) is the most important parameter that stakeholders, such as investors 
and banks, will use to evaluate financial viability before and during the building and the 
operation of solar PV systems. It is usually expressed as the total cost of the generated 
energy ($/kWh). The cost of building a PV system comprises the costs of the PV 
module and electrical components, project design and management and installation of 
the system. PV module manufacturers provide warranties which guarantee that their 
product will retain 90% of the initial performance within the first 10 years, and 80% 
after an additional 15 years. After the capital expenditure of building a PV system, the 
LCOE is then determined by the cost of operation and maintenance and the 
performance and lifetime (durability) of the PV modules and components. 
Environmental factors that decrease the performance of the PV modules can increase 
the LCOE significantly.  
One way to help reduce the LCOE is to ensure maximum possible light transmission 
through the front surface of the module to the cells. Two factors contribute to front 
surface transmission losses, these are reflection and soiling. Reducing the reflection on 
the front cover glass of PV modules is a way of providing an increased energy output, 
hence, reducing the LCOE. Soiling has been a major concern, especially in the Middle 
East and North Africa (MENA) region where sand and dust particles are known to 
accumulate quite rapidly on the surface of the modules. Figure 1.4 shows a satellite 
image of a sand storm in the MENA region [13].  
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The application of anti-reflection (AR) and anti-soiling (AS) coatings [14]–[16] can 
significantly increase the energy output of the PV modules, reducing the cost of energy 
production. The coatings can also be designed to have both AR and AS properties. 
However, these coatings are subject to the same deleterious environmental conditions as 
the rest of the PV system and so their reliability and lifetime is a concern.  
 
1.4 The Scope of This Thesis 
Reliability testing of PV modules has been a major focus for the PV industry over the 
past decades. These testing schemes have helped the PV industry to identify and 
eliminate some of the degradation mechanisms prevalent in PV modules that occur in 
field. The focus of this thesis addresses the performance and durability of surface 
coatings on PV cover glass. These are not currently covered by the PV qualification 
standards.  
Chapter 2 discusses the reflection and soiling problems on cover glass for the PV 
industry. The test methods from internationally recognised standards as well as non-
standard bespoke methods from research institutions worldwide, specifically for surface 
AR and AS coatings are reviewed and evaluated. 
  
Figure 1.4-An image taken by NASA in October 2017, showing a dust storm 
across Saudi Arabia to Syria in the MENA region 
Dust 
storm 
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Chapter 3 identifies the test methods and materials that are most relevant to the coatings 
for PV applications and used throughout this research. The performance parameters to 
assess the AR and AS coatings were identified. The characterisation methods are 
presented to measure and categorise the degradation mechanisms of the coatings.  
Chapter 4 assesses the performance and durability of single layer AR coatings on solar 
cover glass under various environmental and mechanical stresses. The degradation 
mechanisms are investigated using various characterisation techniques. The 
susceptibility of two different types of single layer AR coatings are highlighted.  
Chapter 5 presents the performance and durability of a high performance four-layer 
multilayer AR broadband (MAR) coating developed in CREST, Loughborough 
University. The MAR coatings are exposed to the environmental and mechanical stress 
conditions that were used on single layer AR coatings in Chapter 4 to compare their 
durability. 
Chapter 6 examines a newly developed hydrophobic AS coating for PV cover glass. As 
the development proceeded, the test results were used to improve the durability of the 
coating by modifying the chemical formulation. Additionally, a commercially available 
AS coating for the PV application is exposed to the same stresses for comparison with 
the one under development. 
Chapter 7 compares the performance and durability of three commercially available 
hydrophobic coatings developed for different applications on spectacle lenses and 
displays. The performance of each coating under various stresses was analysed to 
evaluate their suitability for application on PV cover glass. 
 
 
 
 
 
 
 
  
2 Surface Coatings on PV Cover Glass 
 
2.1 Introduction 
PV modules experience a wide range of environmental stresses during their service time 
in the field. The extent of the stresses caused by temperature, humidity, wind, rain etc. 
largely depend on the location at which the PV modules are installed. These 
environmental factors not only affect the output performance of the PV modules, but 
also start the ageing process of all the materials that comprise a PV module. Figure 2.1 
shows a typical structure of a crystalline silicon PV module. The degradation of each 
material from the coating on the cover glass to the back sheet will begin as soon as the 
PV modules start their service life in the field.  
 
 
 
Delamination or loss of adhesion between layers, reduction in the elastomeric properties 
of the encapsulant or back sheet, broken glass and glass corrosion are some of the 
failure modes for PV modules in the field [17]. The accelerated stress tests in the 
qualification standards are used as a screening method to identify the failure modes that 
are likely to occur in the first years of service of PV modules and materials in the field 
  
Figure 2.1-The structure of a typical crystalline silicon PV module 
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[18]. The chemical, mechanical and environmental degradation mechanisms of any 
individual material used in a PV module can be detected if the tests are prioritised and 
modified according to the possible failure modes [19]. 
The history of accelerated testing dates back to 1975, starting with the ‘Block I’ testing 
of the Flat-Plate Solar Array (FSA) project by the Jet Propulsion Laboratory (JPL) [20]. 
Since the first testing scheme, the use of PV technology has grown dramatically and 
therefore, some of the existing accelerated tests have been modified and some other 
new tests have been developed. The stress tests used by the PV industry are mostly 
those published by the International Electrotechnical Commission (IEC) organisation. 
The current active design qualification and type approval testing standard for all types 
of PV modules is IEC 61215 [21]. Special requirements for testing of different PV 
technologies such as crystalline silicon, cadmium telluride (CdTe), amorphous silicon 
and copper indium gallium di-selenide (CIGS) are also addressed in different parts of  
IEC 61215-1 [22]–[25].  
In this chapter, the issues of reflection and soiling on PV cover glass are discussed. 
Types of AR coatings are presented together with their fabrication techniques. 
Additionally, the mechanisms of adhesion of dust particles to cover glass, leading to the 
soiling of PV modules, is presented. Mitigation approaches to the soiling problem for 
PV modules are discussed. Internationally recognised test procedures for the coating 
industry for different applications are evaluated and accelerated stress tests used on both 
AR and AS coatings are reviewed.  
 
2.2 Anti-reflective Coatings  
2.2.1 Reflection of light 
When the light travels through two different media with different refractive indices, 
some of it will be refracted and some will be reflected at the interface. Figure 2.2 shows 
the behaviour of light travelling at the interface of two different materials.  
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Snell’s law, shown in Equation 2.1, describes the relationship between the angle of 
incidence and the angle of transmitted light, with the refractive indices of the two 
materials. 
 
݊ଵݏ݅݊ߠ௜ ൌ ݊ଶݏ݅݊ߠ௧    Equation 2.1 
 
Where n1 and n2 are the material’s respective refractive indices, θi and θt are the angles 
of the incident and transmitted light, respectively. 
The amount of light reflected at a media interface depends on the polarity of the light 
and the difference between the refractive indices of the two materials. The reflection 
coefficients for s-polarised (perpendicular) and p-polarised (parallel) light can be 
calculated by the Fresnel Equations shown in Equation 2.2 and 2.3, respectively. 
 
ܴ௦ ൌ ቚ௡భ௖௢௦ఏ೔ି௡మ௖௢௦ఏ೟௡భ௖௢௦ఏ೔ା௡మ௖௢௦ఏ೟ቚ
ଶ
   Equation 2.2 
 
ܴ௣ ൌ ቚ௡భ௖௢௦ఏ೟ି௡మ௖௢௦ఏ೔௡భ௖௢௦ఏ೟ା௡మ௖௢௦ఏ೔ቚ
ଶ
   Equation 2.3 
 
Where n1 and n2 are the refractive indices of the entrance and exit media; θi and θt are 
the angles of the incident and transmitted light, respectively. 
 
 
Figure 2.2-Reflected and refracted light 
air-n1 
glass-n2  
 Chapter 2: Surface Coatings on PV Cover Glass   
 
11 
 
2.2.2 Types of Anti-reflective Coatings 
The three anti-reflective coating concepts presented in this section are the single-layer 
structure (quarter-wavelength), graded refractive index, and multi-layer interference [26] 
as shown in Figure 2.3. The single layer anti-reflective coating is generally a 
homogenous layer with an ideal refractive index of ඥ݊௦ when the entrance medium is 
air (nair equals to 1), where ns is the refractive index of the substrate. The thickness of 
the layer should be a quarter-wavelength (ߣ\4). The refractive index of the coating 
should be lower than glass and this is achieved by introducing porosity. The number of 
pores within a single layer coating determines the refractive index of coatings. By 
adjusting the porosity of the material, the refractive index of the coatings can be 
optimised [27].  
The multilayer anti-reflective coating principle is based on the destructive interference 
of light reflected at different layer interfaces. Layers within the stack vary between high 
and low refractive indices. The simplest multilayer anti-reflective coating consists of 
two layers, each having an optical thickness of a quarter wavelength [28]. 
Computational analysis software [29] can be used to optimise the reduction in 
reflectance by varying the refractive indices and thickness of the layers. 
The refractive index of the gradient index coatings increases from the refractive index 
of air (~1.0) to the refractive index of the substrate material (~1.5) to provide anti-
reflectivity by removing distinct changes in refractive index from the system. This can 
be achieved either by using porosity or a surface texture such as the ‘moth eye’ 
principle [30]. The homogeneity of the single layer coatings can be varied to create a 
gradient refractive index and achieve anti-reflectivity [31].   
The single layer AR coatings are relatively low-cost in comparison to multilayer AR 
coatings. However, the performance of multilayer AR coatings is better than the single 
layer AR coatings. In the case of AR coatings, the mechanical durability is as important 
as the optical performance. The analysis of the performance of single and multilayer 
AR coatings is investigated under various stresses in Chapters 4 and 5, respectively. 
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2.2.3 Fabrication Techniques 
2.2.3.1. Solution-gelation (Sol-gel) processing 
Sol-gel processing is one of the most popular methods used for the industrial production 
of anti-reflective coatings. It involves the application of the coating in the form of a 
solution to a substrate. The solution then forms a solid coating through a gelation 
process [32]. The high-speed manufacturing process and lower cost make the sol-gel 
anti-reflective coatings attractive for mass production. The refractive index of the 
coatings is reduced by adding porosity (commonly with air pockets). The 
microstructural detail of the sol-gel coatings, such as the size and the number pores, is 
highly controllable. This enables the optimisation of the anti-reflection effect when 
designing the coating [33]. The sol-gel approach can also be used to form double or 
multilayer anti-reflective coatings that have a comparable performance with other 
deposition techniques [34][35]. Dip coating, spin coating and meniscus coating are the 
most widely used application methods for the sol-gel coatings.  
An anti-reflective coating produced by the sol-gel method using hexamethyldisilazane 
(HMDS)-functionalized silica nanoparticles was deposited by dip coating method [36]. 
The refractive index of the coating was measured 1.08 at the wavelength of 632.8 nm 
which increased the transmittance by more than 4% on K9 glass substrates. The 
porosity of the coating was given at 80.8% with a measured film thickness of 201.3 nm. 
The AR coating also provided hydrophobicity with a measured WCA of 156°.  
A silica (SiO2) based single-layer sol-gel derived nano-porous AR coating was reported 
[33] that increases the transmittance to 97.5% on soda lime glass substrate at 500 nm 
wavelength. The AR coating was heat treated at 400° for 2 hours after deposition by dip 
coating method. The refractive index of the coating was 1.39 at 550 nm for a thickness 
of 100 nm.  The hardness rating of the coating was assessed as 9H by pencil hardness 
 
Figure 2.3-Examples of different anti-reflective coating types a) Multilayer 
layer coating b) Gradient index coating and c) Single layer coating 
a) b) c) 
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test. The adhesion of the coating was also evaluated by tape adhesion test which 
resulted no flaking or detachment of the coating.  
Sol-gel derived single and multilayer AR coatings were developed by Kesmez et al. 
[37]. The coatings were deposited by dip coating method on 2 mm soda lime glass 
substrates and cured at 500°C for 1 hour. The total thickness of the single layer and 
multilayer coatings were measured at 103 nm and 248 nm, respectively. The light 
transmittances of 95% for SiO2 and 97.2% for ITO-TiO2-SiO2 at 550 nm were achieved.  
Liu et al. [38] reported a nanostructured AR coating deposited on a glass substrate using 
a dip coating method. The silica nanoparticles were deposited on glass substrate by 
using the electrostatic attraction of charged colloidal particles and polyelectrolyte 
multilayers. The density and the diameter of nanoparticles were evaluated to achieve 
the best AR performance in the visible region of the light spectra. The coating deposited 
with 120-nm particles with 81.5% density on the surface was found to be the highest 
performing coating which had a refractive index of 1.271 and ~98% of transmittance at 
550 nm.  
A super-hydrophilic AR coating [39] was prepared by using SiO2 nanoparticle sol. The 
solution was deposited on glass by dip coating method. The diameter of the SiO2 
nanoparticles was measured around 20 nm - 30 nm which creates a total film thickness 
of ~130 nm. The film has achieved a pencil hardness of 2H after sintering at 500°C for 
1 hour. The coating has increased the power output of a PV module by 2%, 5% and 8% 
at incident angles of 0°, 30° and 60°, respectively.  
Prado et al. [40] produced mesoporous multifunctional coatings by sol-gel method. The 
two-layer SiO2/TiO2 coatings. The total thickness of the coating was measured between 
95 nm to 115 nm by profilometer. The maximum transmittance achieved was 98.3% at 
the wavelength of 480 nm. The thicknesses of SiO2 and TiO2 layers were measured ~85 
nm and ~16 nm, respectively.  
 
2.2.3.2. Physical vapour deposition (PVD) 
Physical vapour deposition is a vacuum deposition technique that is commonly used for 
thin film deposition such as metals, alloys [41] as well as polymer thin films and 
coatings [42]. It involves heating a material under vacuum until it melts and produces 
vapour. The resulting vapour rises in the vacuum chamber and is deposited on to the 
glass surface forming the coating.  
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Magnetron sputtering is a type of physical vapour deposition method where gaseous 
ions are used to bombard a target to ion etch the target material [43]. The sputtered 
material condenses on a substrate to form a thin film. Magnetron sputtering can be done 
in different ways depending on the material sputtered. Reactive magnetron sputtering 
[44] is a process of sputtering targets under a reactive gas that forms compound films 
such as nitrides, oxides and carbides. Radio frequency (RF) sputtering is also used for 
oxide targets. However, the low deposition rate and complexity of RF sputtering 
systems reduce the attractiveness of these deposition methods for commercial 
applications [45]. Thus, a pulsed direct current (DC) magnetron sputtering system was 
developed that overcomes the low deposition rate problems with reactive sputtering 
[46], [47]. Kaminski et al. [48] designed a multi-layer broadband anti-reflective (MAR) 
coating that reduces the average reflectance at the front surface of a CdTe device from 
4.22% to 1.24%. This resulted in a 3.6% relative increase in efficiency. Each layer of 
the coating was deposited by pulsed DC magnetron sputtering technique. The optical 
and mechanical performance of the coating is presented in Chapter 5.  
Physical vapour deposition techniques offer a uniform and consistent quality of film 
morphology and nanostructure during the deposition. This is because deposition takes 
place under vacuum. Other physical vapour deposition methods are close space 
sublimation (CSS), ion assisted electron beam evaporation [49], thermal evaporation 
[42] and ion beam sputtering [50].  
Bhattacharyya et al. [49] reported a TiO2 film deposited on a BK7 glass substrate at 
300°C using electron beam evaporation. The film is characterised by spectroscopic 
ellipsometer. The refractive index is measured between 1.60 near the substrate and 1.95 
near the surface. 
Yi et al. [51] described a polytetrafluoroethylene (PTFE) porous superhydrophobic 
coating deposited by thermal evaporation. The WCA of the coating varied between 133° 
to 155° with RoA of 8° depending on different evaporation temperatures. The coating 
deposited also showed anti-reflectivity in the visible and near infrared region of the 
light spectra, achieving higher transmittance than the bare glass substrate. However, no 
durability test performed on the coating.  
 
 Chapter 2: Surface Coatings on PV Cover Glass   
 
15 
 
2.2.3.3. Chemical vapour deposition (CVD) 
Chemical vapour deposition is used for the deposition of various materials including 
silicon, titanium nitride and the silicon oxides for coating applications on glass. It 
consists of a reaction with chemical precursors followed by the deposition onto 
substrates. The temperature of the substrate can be as high as 700°C depending on the 
materials deposited [52]. The temperature of the substrate during the deposition process 
may affect the adhesion performance of the film. Due to the deposition at atmospheric 
conditions and possible impurities in precursors, CVD has a history of poor control over 
the chemical composition of the thin films produced. 
A superhydrophobic zinc oxide (ZnO) film is prepared [53] on sapphire substrates by 
Au-catalysed CVD method. The prepared surface achieved good adhesion performance 
and super-hydrophobicity with WCA of 164.3°.  
Plasma enhanced chemical vapour deposition (PECVD) is one of the most used 
techniques in industry when depositing coatings on silicon solar cells. Kishore et al. [54]  
produced silicon nitride AR coatings on polycrystalline silicon solar cells by PECVD 
method. A gain of more than 28% in short circuit current (Isc) is achieved.  
Zhu et al. [55] reported a superhydrophobic fluorocarbon film deposited on a carbon 
nanotube (CNT) structure on silicon substrate. Fluorocarbon film deposited by a RF 
plasma reactor and measured at 20 nm by SEM. The combination of CNT and 
fluorocarbon film achieved a WCA of over 160°. Coatings using other types of 
chemical vapour deposition techniques such as radio frequency plasma enhanced 
chemical vapor deposition (RF-PECVD) [56] and plasma impulse chemical vapour 
deposition (PICVD) [57] have also been reported. 
 
2.2.4 Use of Anti-reflective Coatings on PV Modules 
Light reflection at the air-glass interface is one of the main factors that reduces the 
electrical output of solar PV panels. The reflection losses at the front surface of a PV 
cover glass accounts for more than 4% of the incident light [58]. The change in 
refractive index between air and glass causes the reflection on the cover glass of the PV 
panel. Anti-reflective coatings have been developed that reduce the reflection by up to 
80% [27]. Single layer sol-gel AR coatings are now commonly used on PV cover glass. 
The reduction of reflectance results in an increase in transmittance, and hence an 
increase in short circuit current which also improves the efficiency of the device.  
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According to International Technology Roadmap for PV, the AR coated glass will 
remain the most widely used front cover for the c-Si PV modules with more than 90% 
of the markets share [59]. However, the same report also highlights the importance of 
effective and stable service life of AR coatings. It has been noted that the lifetime of the 
anti-reflective coatings in the field does not match the lifetime of the PV modules. 
Therefore, the performance and durability assessment of AR coatings is crucial. When 
an AR coating is developed, the performance is the first (and only) parameter to be 
monitored and evaluated. Unfortunately, the durability of coatings is either disregarded 
or a limited number of durability tests are applied.  
 
2.3 Soiling Problem and Mitigation Approaches 
2.3.1 Soiling 
The “soiling” effect refers to contamination on PV module surfaces. It has a significant 
deteriorating influence on energy generation due to the transmission losses caused by 
absorption and scattering of incident light [60], [61]. The soiling not only reduces the 
power output of the PV modules, but also affects their lifespan. Meyer and Van Dyk 
[62] and Qasem [63] highlighted the probability of triggering the by-pass diodes due to 
the shading effect caused by dust on the module surface. This may cause a hot-spot 
damage if the protection is not sufficient. 
Currently, the different aspects of soiling are being investigated extensively all around 
the world. Research focuses on the physical and chemical properties of dust particles, 
particle adhesion on glass surfaces, cementation processes, dust simulators and 
instrumentation, modelling and simulation of soiling rate, mitigation and cleaning 
strategies, climate zones and geographical areas [64]. The power loss due to soiling on 
the PV module output is reported to be as high as 1% per day [65] depending on the 
location.  
The majority of regions with a significant solar resource also have an increased amount 
of dust in the environment. Therefore, understanding the adhesion mechanism of 
particles on PV module surface may help to mitigate and prevent the energy loss due to 
soiling. 
Cuddihy [66] explained the soiling mechanism in four categories. These include 
cementation (as shown in Figure 2.4), deposition of organic materials, surface tension 
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and particle energetics. He also highlighted the requirements of achieving low-soiling 
surfaces, which is discussed in Section 2.3.2 – Mitigation Strategies of Soiling. 
Kazmerski et al. [67] described the fundamentals of dust particles adhesion at the 
microscale level. The study shows that the dust particles exposed to water to simulate 
moisture conditions, have a higher adhesive force than the adhesive force of dry dust 
particles. The adverse effect of hydrocarbon fuels on ‘cementation’ process is also 
confirmed by the Raman spectroscopy analysis. 
 
 
 
A microstructural analysis of the cementation process has been made by Ilse et al. [68]. 
The study described the cementation during soiling on glass surfaces in arid and semi-
arid climates. The glass samples were exposed to outdoor conditions in Doha, Qatar for 
a month to analyse the adhered dust particles. The composition analysis of the 
cementation process has been investigated via EDX mapping. The results showed that 
the cementation process was mainly established by clay minerals such as fibrous 
palygorskite. A comprehensive study has been carried out [69] to reveal formation of 
soiling with additional post exposure treatment steps, such as cooling, heating and 
cleaning. The transmission loss was reduced by 65% through heating the glass surface, 
and thus preventing the formation of dew.  
Artificial soiling methods are also being researched intensively. An artificial dust 
deposition chamber is used to simulate outdoor soiling in a controlled laboratory 
environment in a shorter time. This also allows us to observe the behaviour of various 
surfaces against soiling with different types of dust under various environmental 
conditions. John et al. [70], [71] examined the impact of dust samples collected from 
  
Figure 2.4-The cementation process caused by dust-high humidity/dew 
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different regions in India. The results conclude that uniform dust deposition is achieved 
using the dust deposition chamber. Different types of dust collected from different 
regions cause different levels of reduction in short-circuit current (up to a factor of two) 
when using the same gravimetric density of soiling. In order to achieve a standardised 
artificial soiling method, an artificial dust chamber was designed by Boppana et al. [72]. 
Soiling uniformity, repeatability of the soiling cycles, soiling rates and optical 
parameters of soiled glass coupons were investigated. A standard dust known as 
‘Arizona Test Dust’ [73] was used for the artificial soiling experiments. A dust spraying 
artificial chamber was proposed by Burton and King [74]. Repeatable transmittance 
measurements were achieved using the standard grime. A comparison of indoor 
artificial soiling and outdoor soiling has been made by Ilse et al. [75] to correlate the 
laboratory soiling experiments with the outdoor soiling rates in the Atacama Desert, 
Chile. Four different glass coupons (three coated, one uncoated solar cover glass) were 
investigated before and after exposure under light microscopy and SEM. The 
transmittance performance and surface composition were also monitored. The outdoor 
results were quantitatively reproduced to some extent. The results also revealed that the 
surfaces with higher water contact angles lead to a significant decrease of surface 
coverage and transmission losses due to compaction of soiling particles. 
The soiling rate is crucial for the analysis of annual soiling losses. The soiling rate and 
rainfall data are required to predict PV performance losses. However, the soiling rate is 
not available for every location where solar farms exist. Micheli and Muller [76] 
investigated 102 environmental and meteorological parameters. The data collected from 
20 soiling stations in the United States of America (USA) were compared. The results 
showed that the best soiling predictors are the daily mean particulate matter values 
recorded from soiling stations deployed near the PV systems. Warade and 
Kottantharayil proposed a simulation based approach to assess the energy yield 
considering the soiling, cleaning cycles and the long term degradation using PVSyst 
[77]. They also applied the developed methodology to a PV system for a period of 11 
years in Mumbai, India. The results showed that with a reasonable cleaning cycle of the 
PV module surfaces (once in 42 days), the long-term degradation of the system was the 
main reason of energy losses.  
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2.3.2 Mitigation Strategies of Soiling 
Cleaning and mitigation methods are popular areas of research interest due to increasing 
concerns regarding the soiling problem for PV performance and reliability. There are a 
few ways to prevent or remove the soiling on PV module glass in the field. Washing 
and cleaning, including manual and automated systems are considered as restorative 
strategies to remove the dust from the surface after the occurrence of soiling. A periodic 
cleaning schedule should be determined to balance the insufficient/excessive cleaning 
for cost effectiveness. However, regional limitations such as access to water (or 
compressed air), cost of labour and possible damage to modules are the main causes for 
concern. Some of the preventive methods include electrostatic cleaning systems, 
vibrating the surface, solar tracking system (stowing) and modifications to the surface 
via application of coatings.  
Mani and Pillai [78] and Ghazi et al. [79] investigated the effect of dust on PV 
performance and recommended cleaning cycles to mitigate the impact of dust 
accumulation. They suggested that further research was needed to characterise the dust 
and its deposition. The recommendations were made based on three geographical 
groups (low, mid and high latitude) and environmental conditions such as humidity and 
temperature.  
Manual cleaning of solar panels is a labour-intensive approach and involves frequent 
usage of water and detergents. Therefore, automated cleaning systems were developed 
for cleaning of PV glass surfaces. Mondal and Bansal [80] reviewed the industrially 
used robotic cleaning systems on PV modules. Limitations such as the inclination angle 
of the solar modules, initial cost, heavy weight/stress on modules, slow performance, 
requirement of water or compressor and human involvement to move the cleaning 
systems were highlighted. The importance of choosing the correct cleaning materials 
for pre-coated PV module glass was stated. They also recommended using a 
combination of anti-soiling coatings together with robotic systems as a cleaning 
solution for large PV systems i.e. systems larger than 1 MW due to slow performance 
and cost of robotic systems. 
Al Shehri et al. [81] analysed the impact of dust deposition and subsequent cleaning 
cycles on transmittance. Glass samples were exposed to outdoors horizontally in 
Thuwal, Saudi Arabia to monitor the soiling. The transmittance of the samples was 
measured daily. The average transmittance over twelve samples was reduced from 91.7% 
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to 84.4%. A bespoke lab-scale cleaning system was designed to restore the soiling 
losses on glass samples. The average transmittance was measured at 90.7% and 91.8% 
at the wavelength of 600 nm after 12 minutes of dry brush cleaning and washing with 
water and wipe cleaning, respectively.  
Various techniques such as brush cleaning integrated with a tracker system [82], linear 
piezoelectric actuator guided wiping [83], electric curtain technique [84], electrostatic 
cleaning  [85], [86] and a portable robot cleaning system [87], [88] were reported. Each 
of these techniques increased the transmittance by reducing the amount of soiling on the 
module surface. 
Anti-soiling coatings for solar cover glass are being developed to mitigate the soiling 
problem. These coatings have either hydrophobic or hydrophilic properties and some 
are commercially available for the PV application. Cuddihy [66] reported that a low-
soiling surface should be hard, smooth, hydrophobic, chemically free of sticky materials 
and water-soluble salts  and with a low-surface energy. He suggested that a low surface 
energy can be achieved by two methods. The first method was the application of 
fluorinated compounds on the glass surface. The second method involved the 
replacement of Group I ions on the glass surface (e.g. sodium, potassium), which are 
generally hydrophilic, with the Group II and Group III ions (e.g. aluminium), which are 
generally hydrophobic.  
Nayshevsky et al. [89] proposed a nano-textured superhydrophobic coating that exhibits 
both anti-soiling and anti-reflective properties. The coating is fabricated on to a 
50x50x3 mm low iron glass substrate by laminating a fluoropolymer. The nanofibrils 
with 100 nm in diameter are formed on the glass surface after this process. The 
refractive index of the coating increases from 1.0 (air) to 1.35 (glass surface). The 
coating has increased the transmittance of the glass to 93.8%. The WCA of the surface 
was measured at 150°. An artificial dusting chamber and a cleaning system were 
constructed to assess the anti-soiling performance of the coating. The results showed 
that 99.7% of the initial transmittance performance was restored by using 3.0 mL of 
water. The transmittance of uncoated glass showed only 85.4% recovery after exposure 
to the same artificial dusting chamber and cleaning system.  
A highly water-repellent microshell structure [90] was formed on a transparent surface 
to assess the self-cleaning effect for solar cell applications. The WCA of the surface 
was measured at 150°. The coated substrate was placed on to a solar cell to measure the 
efficiency after soiling and after a cleaning process. Carbon powder was used to 
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simulate dust particles. A total of 20 µl of water droplets was released at 1 mm spacing 
intervals on to the surface held at 0° and 45°. The efficiency of the solar cell showed a 
recovery rate of 13.6% and 71.8% at the tilt angle of 0° and 45°, respectively. 
A self-cleaning, anti-reflective coating for PV panels was proposed by Arabatzis et al. 
[91]. The thickness of the coating is measured at ~150 nm by White Light Reflectance 
Spectroscopy. The average transmittance of the coated glass was measured ~95%.  The 
WCA of the surface was measured at 6° after coating applied. The coated and uncoated 
PV panels were monitored outdoor for several months in Greece and China. The results 
showed that the coated module had an average of 5 to 6% power output gain in 
comparison to the uncoated module. 
Isaifan et al. [92] prepared a hydrophilic self-cleaning TiO2 film by absorptive self-
assembly  method followed by dip coating. The surface is calcinated at 400°C for 2 
hours after the deposition. The thickness of the film is measured at 76.2 nm with a 
refractive index of 1.51. The WCA of the surface was measured 43°. The initial 
transmittance of the coated glass was measured lower than the uncoated glass substrate 
due to the higher refractive index of the film. However, the outdoor experiments 
showed a 56% reduction in dust deposition (g/m2) on the coated surface in comparison 
to the uncoated glass after 7 days of outdoor exposure in Doha, Qatar. The optical 
measurement results showed that the transmittance of the coated glass sample was 
average of 6% higher than the uncoated glass sample in the visible region.  
Two types of TiO2-SiO2 super-hydrophilic coatings (ST1 and ST2), a TiO2 (T) super-
hydrophilic coating and a functionalised SiO2 (SM) hydrophobic sol-gel film, were 
investigated by Jesus et al. [93] to assess their anti-soiling performance in outdoor 
conditions. The hydrophilic ST1 and ST2 and hydrophobic SM coatings were prepared 
by sol-gel method followed by dip coating. The T coating was deposited by e-beam 
thermal evaporator as a benchmark coating. The average transmittance of T, ST1, ST2, 
and SM coatings over the 300 to 2200 nm spectra was measured ~72%, 88, 89% and 
92%, respectively. The WCA of the T, ST1 and ST2 coating were measured 62.0°, 1.0° 
and 1.0°. The WCA reduced to 4.0°, 0.1° and 0.1° respectively after 30 minutes of UV 
exposure due to their photocatalytic property. The WCA of the hydrophobic SM 
coating was measured 95.4°. The thicknesses of T, ST1, ST2 and SM coatings were 
measured at 100 nm, 85 nm, 63 nm and ~240 nm. The coatings were deposited on low-
iron float glass (89.7%) coupons for outdoor exposure in Brazil, Italy and Spain. The 
anti-soiling performance of each sample was evaluated by transmittance measurement. 
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The results showed that the choice of cleaning strategies for surfaces should be based 
on the regional climate conditions. The TiO2-SiO2 super-hydrophilic coating reduced 
the soiling losses by 50% in comparison to the uncoated glass sample during a dry 
period in Brazil. The frequent rain in Spain and Italy reduced the effect of soiling. 
However, using anti-soiling coatings also helped to recover the transmittance of the 
samples to their initial performances.  
 
2.4 Durability Tests for Surface Coatings  
PV modules are commonly tested under various environmental and mechanical stresses 
as a whole unit. Nevertheless, the materials that are used for manufacturing of PV 
modules can also be tested individually to monitor performance and durability. There 
are standard test methods that are commercially available for the qualification or 
screening of materials. However, these test methods are not designed specifically for 
AR and/or AS coatings, or solar glass applications. In this section, the tests methods 
that are used in industry as qualification or screening tests to assess the durability of the 
coatings are reviewed. Researchers commonly use these methods with modifications in 
the test setup or alterations in their specification. The interpretation or assessment 
criteria of the test results are altered according to coating developed. These test 
procedures and results of individual AR and AS coatings are discussed.  
 
2.4.1 Standard Test Methods 
It is not possible to monitor the performance and durability of AR coatings on PV cover 
glass during their lifetime. As deterioration of PV cover glass coatings affects optical 
performance, which affects the power output of the PV modules directly, any 
degradation in the performance of the AR coatings could be interpreted as performance 
degradation of the overall PV module. Therefore, the performance analysis of such 
coatings should be based on their optical performance parameters, such as transmittance 
and reflectance, without involvement of other materials. The environmental stress tests 
such as damp heat (DH), thermal cycling (TC), humidity freeze (HF) and UV pre-
conditioning tests, according to the IEC 61215-1:2016 PV module design qualification 
standard [94], can be applied as screening tests to determine if a PV material is likely to 
be durable [95]. To evaluate the performance, additional parameters can be monitored 
 Chapter 2: Surface Coatings on PV Cover Glass   
 
23 
 
for the coatings that are designed specifically for solar application such as water contact 
angle (WCA) and roll-off angle (RoA). These parameters are explained in detail in 
Chapter 3. 
The American Society for Testing and Materials (ASTM) and International 
Organization for Standardization (ISO) published several testing protocols [96]–[107] 
for various types of coatings on different substrates for different industries to assess the 
durability and performance of thin films and coatings. ASTM D3359-09 [96] and BS 
EN ISO 2409  [101] outline a tape adhesion test to assess the adhesion of films to 
metallic substrates. The procedure includes an application of a pressure-sensitive tape 
over cuts made on the film. The result of the test is assessed qualitatively by estimating 
the area of the film removed after removing the tape. The difference between these two 
standards is that BS EN ISO 2409 allows the application of the test procedure on 
relatively soft substrates with a condition of minimum thickness of the substrate. ASTM 
D4541-17 [108] and Method B of BS EN ISO 4624:2016 [109] are designed to assess 
the pull-off strength of coatings by securing a loading fixture perpendicular to the 
surface. An adhesion or tensile tester that can record the test parameters is used. A dolly 
or a stud is fixed to the coating using glue. The pull-off force is then applied gradually 
to pull the dolly until it is detached, or until a specific load is reached. In the former 
case, a qualitative report is produced for the coating pull-off strength based on the 
assessment of fractured material i.e. glue or coating. In the latter case, a pass/fail report 
is used.  
A test method for the abrasion resistance of organic coatings by falling abrasive 
material is given in ASTM D968-15 [99]. The procedure consists of natural silica sand 
(suggested volume is 2 L) as a standard abrasive material falling onto the coated 
samples placed at an angle of 45°. Abrasion resistance is then calculated by using 
Equation 2.4. 
 
 ܣ௩௢௟௨௠௘ ൌ ܸ ܶ⁄    Equation 2.4 
 
where V is the volume of abrasive used in litres, and T is the thickness of coating in 
mils (1/1000 of an inch=0.0254 mm). ASTM D1044-13 [104] describes a test method 
for abrasion resistance of the transparent plastic surfaces by measuring the change in 
haze that is measured according to ASTM D1003-13 [103]. A Taber abrader with a 
horizontal turntable platform is used with CS-10F abrasive wheels. A load of 500 gram 
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force (~4.9 N) is suggested for application for a total of 100 test cycles. The resistance 
against abrasion is determined by the change in the percentage of haze. Another 
abrasion resistance test method for organic coatings is available in ASTM D4060-14 
[105]. The abrader used is similar to the one used in ASTM D1044-13 [104]. The CS-
10 and CS-17 materials are used as abrasives in this test method. A load of 1000 g is 
applied on the surface for a specified number of cycles. The abrasion resistance of the 
material is assessed with the wear index calculated by using the formula shown in 
Equation 2.5  
 
ܫ ൌ ሺܣ െ ܤሻ1000 ܥ⁄    Equation 2.5  
 
where A and B are the weights of the test samples in milligram (mg) before and after 
abrasion, respectively, and C is the number of abrasion cycles recorded. A test method 
for assessing the abrasion resistance of transparent plastics and coatings by using 
oscillating sand is reported in ASTM 735-11 [106]. The abrasive material used is quartz 
silica, graded 4/10 as specified in the same standard. A total of 600 strokes are made at 
an oscillation speed of the 300 strokes per minute. The abrasion resistance is evaluated 
by the change in haze and light transmittance before and after the abrasion of 100, 200, 
300 and 600 strokes. 
ASTM F22-13 [97] describes a method of detection of molecular layers of hydrophobic 
organic contaminants by observation of the flow of water from the surface for 1 minute. 
ASTM C724-91 [98] offers a qualitative test for assessing the acid resistance of ceramic 
decorations on architectural type glass. The method involves placing four drops of citric 
and hydrochloric acid solutions on different locations on the surface. The final 
assessment can be made in seven different gradings by visual assessment after 15 
minutes of exposure followed by washing and drying steps. Additionally, ASTM 
D7356/D7356M-13 [110] demonstrates a test method intended to simulate the exposure 
to acid rain to accelerate the defects on transparent coatings used in automotive 
applications. The 1 L acid rain solution with a pH of 3.3 to 3.5, is prepared by a mixture 
of sulphuric and nitric acids, sodium hydroxide, calcium and potassium chlorides to 
simulate the rain water in Jacksonville, California. An 8-step accelerated test cycle is 
used to expose the test sample to acid rain spray under various environmental 
conditions such as in dark or light, at 40°C chamber temperature with 80% relative 
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humidity. The qualitative assessment is made based on a scale from 0 to 10, by noticing 
the defects by trained, untrained or all observers.  
European Norms (EN) and British Standards Institute (BSI) published the BS EN 1096 
qualification standard for testing coatings on glass for use in buildings [111], [112]. 
This standard includes weathering and mechanical stresses such as condensation 
resistance, acid resistance, neutral salt spray resistance and abrasion tests on coatings. 
The methods and requirements for assessment were made by visual inspection and 
transmittance/reflectance measurements. In a recently published part 5 of BS EN 1096 
[113], a test procedure is designed to assess the self-cleaning performance of coatings 
on glass for use in outdoor building applications. The procedure is suitable for 
hydrophilic and photo-catalytical coatings. It consists of applying dirt using a spraying 
nozzle, application of UV irradiation (for sun simulation) and water spraying (for rain 
water simulation). The performance is classified based on the mean haze difference of 
the samples before and after the exposure. The samples that have an average haze 
difference of less than 1% are considered as Class I and classified as self-cleaning, 
samples that have a haze difference between 1-2% are considered as Class II and 
classified as low maintenance glass. The samples that have greater than 2% haze 
difference are non-classified and not considered self-cleaning or low maintenance.   
Salt spray test procedures are designed in BS EN ISO 9227 [102] and ASTM B117-11 
[107] to assess the corrosion resistance of different materials including coatings. A salt 
solution with a certain specification (e.g. purity of salt and water, concentration, pH, 
temperature) is prepared and sprayed by a nozzle on to the test materials in a 
temperature-controlled chamber. The minimum and maximum recommended duration 
of exposure is 2 hours and 1000 hours, respectively. The assessment of the test samples 
is made through their appearance after exposure, the number and distribution of the 
corrosion defects such as cracks, blisters, rusting etc., change in mass, change in 
mechanical properties or the time elapsed before the first signs of corrosion.  
Different parts of BS ISO 9022 [114] specify several environmental tests for optical and 
photonic instruments. These tests include additional assemblies from other fields such 
as mechanical, chemical and electronic devices. Therefore, an abrasion resistance test 
with two different abrasive materials, an adhesion test with three degrees of severity, a 
cross-hatch test, and a solubility test with twelve degrees of severity are described in BS 
ISO 9211-4 [115]. These tests are used to establish the stability of optical coatings. The 
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samples are evaluated by visual examination under reflected and/or direct light with the 
unaided eye. 
BS EN 60068-2-78:2013 [116] offers various test conditions for assessment of 
materials against high humidity at steady temperatures without condensation on test 
samples. The recommended test duration for exposure was 12 hours to 56 days. The 
resistance of coatings against moisture can be evaluated at different test temperature 
and humidity conditions. 
 
2.4.2 Test Methods Used on AR and Hydrophobic Surfaces 
The assessment of durability of AR and AS coatings is vital to ensure the application of 
these coatings is economically attractive. Therefore, various accelerated stress tests are 
used once a coating is produced. However, the number of these tests is generally limited. 
In this section, the durability stress tests that were applied on newly developed coatings 
are described. The test conditions and the performance parameters used for these tests 
are also reported. 
Jorgensen et al. [117] prepared two different types of AR coatings on low iron glass by 
a sol-gel process and on an acrylic sheet by a surface treatment method for solar 
thermal collectors. The initial reflectance performance of 0.5% to 0.7% at wavelengths 
of 680-720 nm was achieved on prepared samples. An Atlas Ci5000 Weather-Ometer® 
and outdoor exposure were used to monitor the durability of the coatings. The samples 
were exposed outdoors in five different sites in Germany, Switzerland, Golden/CO, 
Phoenix/AZ and Miami/FL. The accelerated stress chamber conditions were set to 
40°C/95%, 80°C/40%, 60°C/80% with different irradiances for each condition. The 
optical transmittance measurements were used to assess the coatings before and after 
exposure. The accelerated test results showed that the AR coatings tested were not 
susceptible to irradiance, temperature and relative humidity conditions. Outdoor test 
results showed that the soiling was the main reason for a reduction in transmittance. 
Pop et al. [118] compared the durability of a novel, denser, curable at low temperature 
sol-gel processed AR coating with two traditional AR coatings. One uncoated, one 
traditional AR coated, and three novel AR coated PV modules were exposed to damp 
heat, humidity freeze and thermal cycling tests in compliance with IEC 61215. For 
abrasion resistance, three novel and three traditional AR coated glass samples were 
exposed to a total of 1000 strokes with felt pad in accordance with EN 1096-2 standards 
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with intermediate checks at every 200 strokes. The abrasion resistance was compared 
through the reflectance, refractive index and uniformity of the film thickness of the AR 
coated glass samples before and after abrasion test. The output power of the full-size 
PV modules was measured after the environmental stress test. The authors 
demonstrated that the new AR coating is up to four times more durable than other 
traditional coatings. 
A damp heat test at 85°C and 85% RH was used to compare the moisture resistance of 
closed and open surface AR thin films, produced by silica nanocomposites [119]. The 
closed surface AR coating showed good resistance against hot and humid environments, 
retaining 99.1% of its initial performance after 2000 hours of exposure. The 
transmittance of the open surface coating was reduced to 92.0% of its initial value after 
2000 hours of exposure. 
A QUV weathering chamber was used to assess the durability of a sol-gel silica film by 
Vicente et al. [120]. One test cycle of the test according to ASTM G154 [121] consisted 
of four hours of exposure to UV light at 60°C followed by four hours of exposure to 
condensation at 50°C. The transmittance was monitored during the exposure for 
assessment purposes. The results showed that adding an organic compound 
(methyltriethoxysilane, MTES) can improve the durability of sol-gel AR coatings. The 
degradation in transmittance was only 1.5% after the addition of MTES, after a total of 
1900 hour of exposure. 
The porous silica AR coating is often degraded by moisture penetration at film pores, 
which then leads to an increase in refractive index. The durability of a porous silica AR 
coating was assessed by exposing the samples to condensation at a chamber 
temperature of 50°C for 2200 hours [122]. The AR coating was also exposed to the 
outdoors in Madrid, Spain for 14 months and laboratory conditions for 3 months. The 
samples were immersed in a hydrophobic solution (Hexa-methyl-disilazane, HMDS) 
for 24 hours at different dilution rates to increase the durability of the AR coating. The 
transmittance measurements showed that the HMDS coated AR coatings result in a 
slightly lower optical performance but were less effected by all three types of exposure.  
To assess coating durability against moisture, porous sol-gel derived AR coatings can 
be exposed to environmental conditions where humidity is present. Boström et al. [123] 
evaluated the durability of different types of AR coatings (silica, alumina and mixtures 
of silica-titania) by exposing them to 40°C/95%. The sample temperature was kept a 
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few degrees colder to form the condensation. The performance of AR coating was 
assessed by the performance criterion (PC) using formula shown in Equation 2.6. 
 
ܲܥ ൌ െ߂ߙ௦௢௟ ൅ 0.25߂ߝ௧௛௘௥௠ ൑ 0.05  Equation 2.6 
 
Where Δαsol is the difference in solar absorptance before and after exposure, and Δεtherm 
is the difference in thermal emittance. The exposure continues to up to 600 hours if the 
PC is less than 0.05 after 80, 150 and 300 hours. If the PC is higher than 0.05, than the 
surface is not resistant against condensation.  
Wang and Shen [124] used a tape adhesion and an abrasion tests to assess the 
mechanical durability of a double layer AR coating prepared via the sol-gel method. 
The coating was abraded by a cotton ball immersed in dust and ethanol. The maximum 
difference in reflectance at peak values was measured to be 0.13 % after 200 cycles of 
abrasion. No change in the performance of AR coating was observed after the tape 
adhesion test. The coating was also immersed in a solution of sulfuric and nitric acid for 
a period of 60 hours to assess the resistance against acid. No considerable change was 
observed after the exposure. 
Elliott et al. [125] reported a hydrophobic surface that achieved mechanical durability 
by using ZnO in the surface design. An abrasion with a 1000-grit sandpaper under a 
weight of 105 grams was carried out to assess the durability of the surface. The WCA 
of the surface was monitored before and after five abrasion strokes. The WCA was 
measured at 120° and 118° before and after the abrasion, respectively. 
A variety of novel superhydrophobic surfaces that had a WCA of 161±1° was produced 
by Jenner et al. [126]. The durability of the surfaces was assessed by immersion in 
water for a total period of 900 hours with maximum intermediate checks at 48 hours. 
The RoA was monitored for assessment of the durability before and after immersion in 
water. The results showed that the sample deposited with hyflon and HMDS has the 
best performance after immersion to water. 
Yildirim et al. [127] developed a nano-porous anti-reflective and hydrophobic thin film 
on a flexible substrate. The mechanical durability of the coating was assessed with a 
bending test. The test consisted of bending the coated flexible substrate 180° with a 
bending radius of 1 mm and 2.5 mm for 100 cycles. The transmittance over the 
wavelength range 350 to 800 nm was used to assess the anti-reflective performance. 
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The thermal stability of hydrophobic performance was investigated by heating the 
substrate. The surface retained its hydrophobicity up to 500°C. 
Ishizaki et al. [128] assessed the corrosion resistance and the adhesion performance of a 
superhydrophobic surface coating, on a magnesium alloy. The coating was immersed in 
a 5 wt % NaCl aqueous solution for a total of 24 hours. The WCA was measured before 
and after the immersion to assess the durability against corrosion. The adhesion 
performance was evaluated in accordance with ASTM D3359-09 [96] by a tape test. 
The results showed that immersion in the 5 wt% NaCl solution degrades the 
hydrophobicity of the coatings gradually. However, the hydrophobic coating showed 
good adhesion to the magnesium alloy.  
Kobrin et al. evaluated the chemical resistance and mechanical durability of two types 
of hydrophobic coatings by immersion in a de-ionised water bath and a wipe test, 
respectively [129]. The performance of the coatings was evaluated by WCA 
measurement of the surfaces. The results showed that the durability of FDTS 
(perfluoro-decyl-trichloro-silane) hydrophobic coatings is improved by depositing an 
oxide layer over substrate before deposition of the coating. 
A water jet procedure was established to assess the wear resistance of transparent and 
superhydrophobic coatings on glass by Ebert and Bhushan [130]. The WCA of the 
surface was monitored before and after the water jet test, under pressures varying from 
0 to 45 kPA, for a period of 20 minutes at each pressure. The results showed that the 
tested samples remained hydrophobic even after exposure to high pressures. 
Wojdyła et al. [131] proposed an assessment method for evaluation of hydrophobic 
coatings on aluminium substrates. The initial performance of the coatings was analysed 
by measuring the WCA and diiodomethane contact angle (DCA). The haze and gloss of 
the coatings were also measured. A CS10 and H18 abrasive material were used under 
loads of 0.5 kg and 1 kg to assess abrasion resistance. Adhesion performance was 
assessed in compliance with ASTM D4541-17 [108]. Chemical resistance of the 
coatings was assessed by measuring the WCA and the adhesion performance before and 
after immersion in saline solution, isopropyl alcohol (IPA) and an aqueous acidic 
solution for a period of one week. Eight different formulations were classified 
according to performance indices that are based on the degradation rates of the initial 
parameters.  
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2.5 Summary 
The power output of PV modules is dependent on the amount of sunlight. However, 
power output is also affected by many other environmental factors. The reduction of 
reflectance on the front surface of the PV cover glass allows for extra energy absorption 
and increases module efficiency. In addition, the soiling of PV modules is a growing 
concern for the solar industry. Any solution that would mitigate these problems is 
important for the future of solar power generation. Currently, anti-reflective and anti-
soiling coatings are being deployed on PV modules in field. Since these coatings are 
becoming an inseparable part of the PV modules in field, they are subjected to all types 
of environmental stresses. Although developing AR and AS coatings for solar 
applications is receiving increased interest from the research community, the 
mechanical and environmental durability testing of these coatings has been limited or 
ignored. A comprehensive set of accelerated stress tests is proposed to help understand 
the degradation mechanisms involved and thereby accelerate the development of 
commercially viable coatings. 
  
3 Test Methods for Optical and 
Hydrophobic Coatings 
 
3.1 Introduction 
The world market for solar energy continues to expand. However, to compete with 
traditional energy sources, photovoltaic (PV) modules must be capable of continuous 
and reliable high performance. Reflection at the air-glass interface and soiling of PV 
cover glass reduces module efficiencies and therefore, output performance. 
Hydrophobic coatings decrease the surface energy and thus minimise adhesion to 
soiling. These coatings have the potential to reduce the costs of maintenance and retain 
consistent module electrical output. Anti-reflective coatings reduce the reflection and 
allow more light in to the PV absorber through the front surface of PV modules. It is not 
yet clear, how the durability of these coatings can be assessed and compared.  
Good quality test methods provide stable, repeatable and reproduceable results within 
prescribed limits as well as revealing new/valuable data/information on the performance 
of the samples under test. This data should then be corelated with available outdoor data 
to observe a degradation mechanism of the tested sample. The good test methods should 
also provide an isolation to identify individual failures.   
In this chapter, test methods that simulate the stresses that the surface coatings for PV 
modules experience in their life-time were assessed. These test methods help to predict 
the durability and longevity of a coating when applied to solar cover glass. Various test 
methods from different standards have been optimised to simulate real-outdoor 
conditions and then applied to hydrophobic and anti-reflective coated glass surfaces. 
Identified tests have been applied to various types of hydrophobic and anti-reflective 
coatings to understand the impact of each test on different types of coatings. In addition 
to optimised standard tests, a sand impact test and a water drop simulation test have 
been devised to study the effect of sand and rain on performance and durability.  
Parameters relating to coating performance that need to be monitored during stress 
testing were identified and described. Characterisation methods and the equipment used 
to measure the performance of the coatings are presented. 
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3.2 Characterisation Methods and Performance Parameters 
of Coatings 
In this section, the performance parameters and characterisation techniques used to 
assess anti-reflective and anti-soiling hydrophobic coatings are presented. These 
parameters and techniques are used to measure coating performance and identify 
mechanisms of degradation.  
 
3.2.1 Contact Angle Meter – Water Contact Angle (WCA)  
Water Contact Angle (WCA) is one of the most important parameters that determines 
the performance of a hydrophobic coating. It is the quantitative measure of the 
wettability of a solid surface by a liquid drop as shown in Figure 3.1. It is important to a 
number of applications such as painting, printing, adhesive bonding, polymer 
processing and manufacturing. Surfaces which have a WCA greater than 90° are 
considered to be hydrophobic and greater than 150° are considered to be super 
hydrophobic [125].  
 
 
 
Commonly used methods to measure WCA of the surfaces are static sessile drop, 
dynamic sessile drop and pendant drop techniques. A DataPhysics OCA-20, semi-
automatic image capture and contact angle measurement system was used to measure 
the WCA of the hydrophobic coatings. The static sessile drop method was used due to 
the simplicity and quickness of the technique. A volume of 2 µl of de-ionised (DI) 
  
Figure 3.1-Measurement of the water contact angle on a glass surface with a 
hydrophobic coating 
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water was dropped on to the surface with a dispense rate of 1 µl/s. A minimum of five 
points across the hydrophobic surface were measured to assess the WCA. An average of 
the five measurements was used for the assessment of WCA performance. The 
minimum and maximum values are presented where the impact of a test is only on a 
small area. Table 3.1 shows the WCA measurements on two different hydrophobic 
surfaces (two samples each) measured on fifteen different points. The measurement 
results show good consistency over the surface as well as between two different 
samples of the same type of coating. 
 
 
 
3.2.2 Roll-off angle (RoA) 
The roll-off angle (RoA) is the inclination angle of a coated substrate when a water or 
liquid drop starts rolling-off of the surface. It is a key parameter to assess the ‘self-
cleaning’ property of a hydrophobic coating.  
 
Table 3.1-WCA measurements on two samples of two different types of 
hydrophobic coatings 
 Coating A- 
Sample 1 
Coating A- 
Sample 2 
Coating B-
Sample 1 
Coating B- 
Sample 2 
W
at
er
 C
on
ta
ct
 a
ng
le
s 
(⁰)
 
Measurement 1  116.00 116.39 118.58 118.83 
Measurement 2 115.69 116.26 118.34 118.80 
Measurement 3 116.04 116.52 118.69 119.00 
Measurement 4 115.50 116.81 118.42 119.09 
Measurement 5 115.93 116.73 118.77 118.81 
Measurement 6 116.07 116.32 118.15 118.38 
Measurement 7 115.89 116.05 118.34 118.42 
Measurement 8 116.05 116.40 118.18 118.28 
Measurement 9 116.03 116.00 118.44 118.39 
Measurement 10 116.77 115.81 118.66 118.50 
Measurement 11 117.12 116.30 118.82 118.34 
Measurement 12 116.69 116.20 118.47 118.67 
Measurement 13 116.49 115.97 118.56 118.86 
Measurement 14 116.43 116.44 118.75 118.88 
Measurement 15 116.32 116.33 118.76 118.95 
Average 116.20 116.30 118.53 118.68 
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It is easier to measure RoA when the surface is super hydrophobic, where a perfectly 
spherical water drop occurs. For hydrophobic coatings that have lower contact angles, 
the water drop deforms first in which the advancing (θa) and receding (θr) angles occur 
before it starts rolling off. These angles and the RoA are shown in Figure 3.3. 
 
 
 
The RoA of hydrophobic coatings was measured with a bespoke, manual RoA 
measurement device shown in Figure 3.4. A goniometer was fixed from one arm to the 
main platform while the other side rested on the moving stage so that when the stage 
was lifted, the arm of the goniometer was lifted too. The coated substrates were fixed to 
the middle of the moving stage as shown below.  
 
 
Figure 3.2-Water drop rolling-off a hydrophobic coated glass 
  
Figure 3.3-a) Roll-off angle (α) and advancing/receding angles b) water drop 
shape just before the start of rolling off 
a) b) 
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The RoA measurement is highly dependent on measurement conditions, such as 
ambient temperature, relative humidity (RH) as well as water drop volume and the tilt 
speed of the stage. All samples were measured in a controlled laboratory environment 
with a temperature of 23±2⁰ and RH of less than 70%. In order to determine the volume 
of the water drop to be used during stress tests, the water droplet volume was varied 
from 5 to 70 µl and the effect on RoA was recorded. Table 3.2 shows the measurement 
results on three different hydrophobic coatings. The results confirmed the dependence 
of RoA on the volume of water drop. The results measured between 20 to 40 µl were 
determined to be representative to the size of rain drops in outdoor conditions (2-3 mm). 
For the assessment of hydrophobic coating durability, it is important that the volume of 
the water drops is kept constant for each RoA measurement. This avoids any misleading 
measurement results. Therefore, a volume of 30 µl of DI water was used to measure the 
RoA of hydrophobic coated surfaces. 
 
 
 
Figure 3.4-In-house constructed RoA measurement device 
Table 3.2-Roll-off angle measurements with different water drop volumes for 
three different types of hydrophobic coatings 
 Volume used (µl) 
 5 10 15 20 30 40 50 60 70 
R
ol
l-o
ff 
an
gl
es
 (⁰
) 
Coating 1 >90 87.8 44.6 40.0 29.1 26.2 20.7 18.2 16.9 
Coating 2 >90 52 50.6 47.3 24.1 17.9 14.2 12.9 11.3 
Coating 3 69.5 34.6 25.6 22.1 19.5 17.3 14.2 10.6 9.2 
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Due to the drop size, a minimum of three water drops scattered on the coated area was 
used to measure the RoA. The stage was lifted up at approximately 3-5°/sec. The angles 
at which each water drop started rolling off the coated surface were recorded. The 
average of these three measurements was used for the RoA performance evaluation. 
However, as described for the WCA, minimum and maximum values were presented 
where necessary. 
 
3.2.3 Spectrophotometer – Transmittance and Reflectance 
Spectrophotometry is an optical measurement technique used to measure the 
transmittance and reflectance of the coated glass. For AR coatings, these parameters 
were the performance criteria before and after stress tests. In some cases, the optical 
performance of the anti-soiling coatings was also monitored to observe if any 
degradation in transmission occurred during the stress tests, even if the coatings were 
not anti-reflective.  
A Varian Cary® UV 5000 spectrophotometer that can measure transmittance and 
reflectance of coated glass over the wavelength of 200 to 2500 nm was used. All 
measurements were carried out over the wavelength range of 200 to 1200 nm with an 
integrating sphere that collects both direct and diffused light during measurements. The 
integrating sphere has two apertures for transmittance and reflectance measurements. 
Spectrophotometer data can be used for the calculation of Weighted Average 
Reflectance (WAR) or Weighted Average Transmittance (WAT) [132].  
The spectrophotometer was switched on a minimum of 30 minutes before the start of 
each measurement session. A calibration step known as ‘baseline measurement’ was 
carried out. The samples were placed on to the front aperture of the integrating sphere 
to take the transmittance measurements. A reference plate was used to cover the rear 
aperture of the integrating sphere during transmittance measurements. When measuring 
reflectance, the samples were placed on to the rear aperture while the front aperture left 
unblocked. The absorption of the sample can be calculated by deducting the 
transmittance and reflectance measurements from 100%. Figure 3.5 shows an example 
transmittance and reflectance measurement taken from an anti-reflective coating. 
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Figure 3.6 shows five consecutive measurements of reflectance on the same sample and 
same point to assess the repeatability of measurements. 
 
 
 
Figure 3.5-Transmittance and reflectance measurement of an anti-reflective 
coated glass 
 
Figure 3.6- Five consecutive reflectance measurement of AR coated glass on 
same point 
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3.2.4 Optical Microscope 
An optical microscope is a type of microscope that uses light and magnification lenses 
to observe objects. Optical microscopy is a very quick and easy first technique to 
analyse the coated glass surface and establish if any degradation occurred during the 
stress tests. An Olympus CX41 optical microscope with x5, x10, x20, x50 and x100 
magnification lenses and TH4-200 external light source were used to analyse the coated 
samples. Figure 3.7 shows the optical microscope used at CREST. An Infinity 2 camera 
was attached to the microscope that captures digital images of the samples with the aid 
of Infinity Analyze software (version 6.5.2).  
 
 
 
3.2.5 Scanning Electron Microscope (SEM)  
Electron microscopes are exceptional instruments for the surface structural analysis of 
materials. Coating thickness and surface morphology were measured before and after 
the accelerated ageing tests, using scanning electron microscopy. The samples were cut 
into small pieces using a diamond tool and then glued to metal stubs using silver paste. 
The samples were then coated with a palladium-gold alloy using a sputter coating 
technique. A Jeol® 7100F and Leo 1530 VP FEG-SEM (Field Emission Gun SEM) 
were used for analysis of the coatings. Figure 3.8 shows example images captured with 
two SEMs.  
 
Figure 3.7-a) Optical Microscope b) An example image captured with Infinity 
Analyze software shows the abraded area of a hydrophobic coating after 
abrasion resistance test  
a) b) 
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3.2.6 Coherence Correlation Interferometry (CCI) 
A CCI is a non-contact scanning white light interferometry technique that uses light 
interference patterns to generate three dimensional (3D) images for surface morphology. 
Figure 3.9 below shows the CCI used at CREST. The light beam is split into two to 
compare the reflected and references beams and generates the interference pattern. An 
integrated CCD camera detects the interference patterns. These patterns are then used to 
generate 3D topographical images. CCI provides exceptionally useful information for 
the properties of the contact-sensitive materials such as coatings. It provides a 
contactless analysis of the surface morphology, which eliminates the undesired 
performance degradation of the materials due to contact. The 3D surface images offer 
unique information for surface roughness and step height of the samples with statistical 
analysis. 
 
 
Figure 3.8-Images captured with a) Jeol® 7100F SEM, shows the abraded area 
of a coating after sand impact test, b) Leo 1530 VP FEG-SEM, shows the nano-
particles on a hydrophobic coating surface 
a) b) 
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3.2.7 X-ray Photoelectron Spectroscopy (XPS) 
The surface chemical composition of the coatings is analysed to observe any 
corresponding change in the composition after coating deterioration. The XPS surface 
scan is performed on the coatings before and after the stress tests. A Thermo Scientific 
K-Alpha XPS surface analysis tool was used to monitor the changes in chemical 
composition of the surface and to determine the cause of chemical degradation during 
testing. 
 
3.2.8 Spectroscopic Ellipsometry 
Ellipsometry is a commonly used optical analysis technique for thin films and surfaces. 
It is based on the analysis of the change in the state of a polarised light beam caused by 
reflection on a surface. If a single layer or a stack of layers are deposited on to a surface, 
the optical behaviour of the film and substrate changes the polarisation. By using these 
changes, it is possible to extract information about the properties of the film such as 
refractive index, extinction coefficient, thickness. 
The ellipsometric measurements are performed using a Horiba Jobin Yvon UVISEL 
iHRD320FGAS Horiba which uses a 75 W, Xe high pressure lamp light source with 
filters to allow the required wavelengths, optical fibres to transmit the light beam, 
detector and polariser/analyser. External configuration for standard ellipsometers is 
used in which the light beam propagates in air is reflected through a sample and goes 
back through the air to reach the detector. The ellipsometer measurement produces the 
 
Figure 3.9-a) Taylor Hobson CCI b) An image captured with CCI, shows the 
surface morphology of a laser cut conductive ink deposited on glass substrate  
a) b) 
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ellipsometric angles, Ψ and Δ which represent the amplitude ratio and phase difference 
respectively between the s and p polarised light waves. A model of the sample is then 
created to determine the optical parameters. An optical model is represented by 
thickness and the complex index of thin films, N = n-ik where n is refractive index and 
k is extinction coefficient. The calculated data is then fitted to the measured data (Ψ and 
Δ) after the model is built. The model that fits best is evaluated by the user if it is 
physically reasonable. The angle of incidence used during the measurements is 70° to 
create the light beam polarisation.  
 
3.3 Mechanical Stress Tests for Optical and Hydrophobic 
Coatings 
A range of environmental and mechanical stress tests were used and evaluated to test 
and monitor the performance and durability of the surface coatings for PV cover glass. 
In this section, test methods that provide quantitative and/or qualitative data to assess 
the mechanical durability of optical and hydrophobic coatings are discussed. The test 
procedures described are either adapted from existing standard tests with slight 
modifications or are newly developed for the PV cover glass applications. 
 
3.3.1 Adhesion Test 
3.3.1.1 Tape Adhesion  
Peeling is a serious problem for coatings, but more importantly, it may trigger a faster 
degradation for the adjacent coating area through mechanisms such as water/damp 
ingress through the peeled area. Hence, the adhesion of the coating is vital for all type 
of surface coatings on PV cover glass.  A tape adhesion test [133] is used to determine 
the adhesion of the coating to the glass substrate. The surfaces are tested according to 
Mil-C-675C [133] with minor modifications. A 1 inch long and 1 inch wide adhesive 
tape was pressed firmly on the coated area for 10 seconds with an extra 1 inch to hold 
the tape. The tape is then removed rapidly within 1 second. Figure 3.10 below shows an 
example of a coating that has peeled after the tape adhesion test. 
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3.3.1.2 Pull Test  
Adhesion can also be measured in accordance with standards ISO 4624 [109] and 
ASTM D454 [108]. A Positest adhesion tester is used with aluminium dollies fixed to 
the surface of the coating with an ethyl-2-cyanoacrylate based adhesive. The dollies are 
left to set and then loaded into the Positest adhesion tester and held firmly in place 
using a quick coupling mechanism. The Positest instrument is then used to apply a 
uniform and increasing force to remove the dolly from the surface of the coating. A 
stand-off is used to keep the substrate in place while the pull-off force is increased. A 
schematic diagram of the Positest is shown in Figure 3.11. The load is increased at a 
steady rate until the coating fails and delaminates from the substrate. 
 
 
 
 
Figure 3.10-An example of peeling after the tape adhesion test 
 
Figure 3.11-A schematic diagram of a dolly fixed to the coating surface by an 
adhesive, showing the dolly, stand-off, coupling and uniform pull-off force lines 
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3.3.1.3 Cross-hatch Test  
The cross-hatch test is an adhesion test that qualitatively rates the quality of the coating 
adhesion on different substrates. A pattern consisting of 6 parallel lines are scratched 
into the coating using a round, six-bladed cutting knife. An additional 6 parallel lines 
are scratched to intercept the first set of lines at 90° to create a grid as shown in Figure 
3.12. A tape is then applied to the cross-hatched area and removed at a 90° angle from 
the surface of the coating, at a snap rate. The coating is evaluated according to the 
criteria in ISO 9211-4 [115]. A rating between 0 and 5 is given based on the observed 
delamination of the coating after the removal of the tape. A score of 0 indicates 
excellent adhesion; a score of 5 indicates coating removal and extremely poor adhesion.  
 
 
 
3.3.2 Abrasion Resistance Test  
Due to surface cleaning, general wear and tear, movement of installations, and falling 
debris in certain environments, it is necessary for the surface coatings to be abrasion 
resistant. Abrasion resistance is measured using a reciprocating abrader adapted from 
BS EN 1096-2 [112]. Different abrasive materials, such as cheesecloth and eraser in 
ISO 9211-4 [115], felt pad in BS EN 1096-2 [112], CS8 and CS10 in ASTM D4060-14 
[105] are used as abraders in industrial standards for coatings. Additionally, a scour pad 
made of soft, non-woven fibers similar to the one shown in [134] is used to generate a 
mild abrasive scrubbing action on coatings.  
A felt pad abrasion test from BS EN 1096-2 (which uses a slow turning circular abrader) 
is modified into a linear abrasion test. In the adapted test, a surface area of ~78.5 mm2 
and ~176.5 mm2 are applied to the surface of the coatings with a force of 5 N and 10 N 
and passed across the surface with a minimum stroke length of 30 mm and a speed of 
 
Figure 3.12-a) A cross-hatch test before and b) after the application of tape 
a) b) 
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60 cycles per minute. Figure 3.13 shows a TABER® reciprocating abrasion tester and 
the different abrasive materials that were used with the abrasion resistance test.  
 
 
 
3.3.3 Scratch Resistance Test  
The scratch-resistance of the coatings can be measured using nano-indentation, 
specifically a nano-scratch test [135]. The nano-scratch test is used to measure hardness 
using a diamond nano-indenter which is pressed into the surface of the sample at an 
increasing load. The surface of the sample then moves relative to the nano-indenter, 
scratching the surface. Recording the force at which the coating is penetrated, deforms 
elastically and inelastically, and begins to flake, provides a quantitative measurement of 
the scratch-resistance of a coating. Additionally, images of the scratches provide a 
qualitative understanding of the extent and nature of the damage. For example, images 
 
 
Figure 3.13-a) Reciprocating abrader b) A variety of abrasive materials 
a) 
b) 
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show the size of flakes from the coating, and the size and number of fractures caused by 
the scratches. 
A round end cone nano-indenter with a tip radius of 5μm is used. Initially, the nano-
indenter was held at a force of 0.1mN at the surface of the sample. The load was then 
increased at a rate of 1mN per 1μm as the nano-indenter travelled across the surface of 
the sample. The nano-indenter travelled 400μm and applied a maximum force of 
400mN over the 5μm nano-indenter tip, ~5kPa pressure. Figure 3.14 shows an example 
of a coating after the nano-scratch test. 
 
 
 
3.3.4 Sand Impact Test (SIT) 
Sand accumulation causes major problems for power generation of PV modules in arid 
regions. Hydrophobic coatings are being used to reduce this problem but the durability 
against sand should be explored to understand the effectiveness of the coating. A sand 
impact test (SIT) rig was built to assess the impact of sand on AR and hydrophobic 
coatings. The system was adapted from ASTM D968-15 [99] after optimising the 
exposure process in such a way that provides useful data to assess the coating durability. 
The setup of the test rig allows up to 1000g of sand exposure on to the sample surfaces. 
The total drop height of the sand is 70 cm. The angle of sample holder is set to typically 
45⁰ for testing but adjustable from 0⁰ to ~80⁰. The duration of the test can be extended 
from 5-10 seconds to 90-120 seconds by reducing the sand flow with a wire mesh. 
Figure 3.15 shows the test rig built at CREST.  
 
 
Figure 3.14-An example of sample image after scratch resistance test 
 Chapter 3: Test Methods for Optical and Hydrophobic Coatings   
 
46 
 
 
 
The sand particles used for Sand Impact Test were analysed using the CCI. The particle 
size averages ~0.25 mm as shown in Figure 3.16 below. 
 
 
 
 
Figure 3.15-a) Sand Impact Test rig at CREST b) Wire mesh used for reducing 
the sand flow c) Adjustable sample holder 
 
Figure 3.16-CCI images of the size of sand particles used in Sand Impact Test  
a) b) 
c) 
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3.4 Environmental Stress Tests for Optical and Hydrophobic 
Coatings 
3.4.1 High Temperature Resistance 
Many industrial processes in thin film CdTe solar cell manufacturing involve high 
temperatures, such as CdTe deposition and the cadmium chloride (CdCl2) activation 
treatment. Manufacturers may prefer to source glass with the AR coating already 
applied. This would provide the benefit of improved efficiency without the need to 
include another process step and its associated capital expenditure. However, this 
strategy is only feasible if the pre-coated AR coating on glass can withstand the 
subsequent high PV manufacturing process temperatures.  
 
3.4.2 Damp Heat (DH) Test 
PV Modules are used in many climates, some of which are hot and humid such as occur 
in equatorial regions where deployment of PV modules would help rural communities 
in off-grid locations. Therefore, the AR and AS coatings used on any PV modules must 
also be able to withstand high humidity and high temperatures. The surface coatings 
have been exposed to a damp heat test at 85ºC and 85% relative humidity (RH) 
according to IEC 61215-2:2016 [21] . The surfaces are exposed for a minimum of 1000 
hours with intermediate performance checks are made at 50, 100, 250 and 500 hours. 
 
3.4.3 Thermal Cycling Test 
PV modules in the field experiences temperature changes due to the day/night cycle and 
the seasonal weather patterns. The surface coatings applied on PV modules are likely to 
be affected from these temperature differences. Hence, surface coatings have been 
stressed using a temperature cycling test. One cycle comprises of 10 minutes of 
exposure to 85ºC followed by 10 minutes at -40ºC with no humidity control according 
to the PV design qualification and type approval standard IEC 61215-2:2016 [21]. 
Figure 3.17 shows the temperature profile of the thermal cycling test. The samples are 
exposed to a minimum of 200 cycles. 
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3.4.4 Humidity-freeze Test  
The humidity-freeze test is an environmental stress test designed to determine the 
durability of PV modules when exposed to high temperature and humidity conditions 
followed by sub-zero temperatures. The coatings are exposed to 10 cycles of the 
humidity-freeze test.  
Each cycle consists of a minimum dwell time of 20 hours at 85ºC and 85% relative 
humidity (RH) exposure followed by exposure for a minimum of 30 minutes at -40ºC 
with no RH control as shown in Figure 3.18. 
 
 
 
 
Figure 3.17-Thermal Cycling Test  
 
Figure 3.18-Humidity-freeze Test  
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3.4.5 UV Exposure Test 
The UV Pre-conditioning Test is used for PV modules and materials before the thermal 
cycling and humidity freeze in IEC 61215-2:2016 to determine if any material or 
chemical bond is vulnerable to UV light. The same test conditions are used to assess 
and evaluate the durability performance of surface coatings under UV light. The test is 
conducted with a QUV Accelerated Weathering Tester fitted with UVA-340 UV lamp 
tubes which provide a total of ~40W/m2 of UV light with a 3 % to 10 % of the total 
energy in the UVB light range (range from 280 nm and 320 nm) as specified in the 
standard. The total exposure time for different coatings is varied depending on the 
coating intermediate performances. However, the samples are exposed to a minimum of 
15 kWh/m2 of UV irradiation as per the standard. The coating performance was checked 
after 50, 100 and 250 hours. 
 
3.4.6 Solubility Test 
The BS ISO 9211-4:2012 [115] is used to monitor the durability of AR and 
hydrophobic coatings against water solubility. The standard includes using different 
severity of solubility tests in which the least aggressive test involves immersion of the 
samples for 6 hours in de-ionized (DI) water. DI water is defined as water with a 
resistivity greater than 0.2 MΩ/cm2. This test is then extended to 24 and 96 hours. The 
tests increase in severity to involve immersing the samples in boiling DI water for 5, 15, 
and 30 minutes. The most severe test involves submerging the sample in boiling DI 
water for 2 minutes and moving it immediately into a bath of DI water at room 
temperature for 1 minute. The tests are carried out with use of semiconductor grade DI 
water (Resistivity was measured 18 MΩ/cm2).  
 
3.4.7 Exposure to Acid  
As acidic rain is common in many cities around the world, it is important to understand 
the durability and performance of the surface coatings against acid for PV modules. The 
AR and hydrophobic coatings are submerged to a dilute acid [112] solution with a pH 
of ~3.5. Sulphuric acid and the pH of the solution were selected to simulate acid 
rainwater according to D7356/D7356M [110]. An Accumet AB150 pH meter is used to 
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measure the pH of the solution. The samples are exposed for a total of 2 hours and the 
performance of the coatings was measured after every 30 minutes of exposure. 
 
3.4.8 Rain Drop Simulation Test (RDST) 
The hydrophobic coatings are water repellent and hence they are expected to keep the 
PV cover glass surface clean. Natural rain water is one way to achieve the cleaning of 
cover glass surfaces. Deionized (DI), rain and tap water have been used to simulate the 
effect of rain to understand the behaviour of coatings.  The test is carried out for a 
continuous period of 1 minute to assess the coating performance in a controlled 
laboratory environment. In this way, outdoor factors such as temperature, dust etc. that 
may affect performance could be controlled. The diameter of the simulated drops was 
measured to be between 2 to 3 mm on a flat glass substrate. After exposure, the samples 
were left to dry under atmospheric conditions. Figure 3.19 shows the rain drop 
simulation test rig built at CREST. 
 
 
 
The sample platform is adjusted to tilt angles of 30º, 45º and 60º to assess the 
performance at different installation angles. Figure 3.20 below shows an example of 
hydrophobic coated glass with a tilt angle of 45º exposed to RDST with tap water. 
 
 
Figure 3.19-Rain Drop Simulation Test Rig  
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3.5 Discussion and Conclusion 
In this chapter, the environmental and mechanical test methods and performance 
requirements for anti-reflective and anti-soiling hydrophobic coatings are compiled and 
assessed. The coatings tested were under development for commercial use by the PV 
industry or already commercially available for other industries such as ophthalmic and 
electronics. The characterisation techniques that are used to identify the degradation 
mechanisms of the coatings are evaluated. The results of environmental and mechanical 
stress tests for different coatings are presented later in Chapters 4, 5, 6 and 7.  
Hydrophobic coatings on solar PV cover glass have the potential to reduce the 
accumulation of soiling and maintain module performance. These coatings are already 
becoming available commercially and durability is a key concern. Identifying the 
performance parameters of hydrophobic and AR coatings is important in evaluating 
coating durability. This will also help to determine if the coatings will need to be re-
applied and at what time interval.  
Different cell technology types work across different wavelength ranges. The most 
important parameters for AR coatings and anti-reflective hydrophobic coatings are the 
transmittance and reflectance measurements over the cells usable wavelength range. 
These measurements can also be converted to a single number by using the Weighted 
Average Reflectance/Transmittance method. The refractive index, thickness, and 
surface roughness of the coatings are parameters that can be monitored during stress 
tests. 
Hydrophobic coatings provide a low surface energy for the PV module glass. The WCA 
and the RoA are the two important parameters that should be monitored when 
considering the performance of anti-soiling hydrophobic coatings. A low RoA is also 
 
Figure 3.20-Hydrophobic coated glass sample exposed to RDST a) Initial  
b) after exposure c) after 24 hours of drying period  
a) b) c) 
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crucial to ensure the water repellency of the surface during rainfall or module cleaning, 
while a high WCA is vital to achieve a low surface energy which delivers drier surfaces 
for morning dews. 
The environmental stress tests which are adopted from PV qualification standards are 
used to evaluate the degradation of AR and hydrophobic coatings for PV modules. 
Various hydrophobic and AR coatings have been stress tested under different 
accelerated environmental stresses. The degradation caused by the damp heat test varied 
between coatings. This highlights the usefulness of the damp heat stress for coatings for 
PV cover glass. The thermal cycling test affects the coating performance but is not as 
significantly as the damp heat test. In some cases, there was no performance 
degradation after the thermal cycling test. Thermal cycling testing is used with the 
humidity-freeze test sequentially for some coatings to understand if the coating is 
experiencing any structural weakness without having a performance drop. The 
solubility test is crucial, especially to observe any degradation mechanism of the 
coatings in rainy climates. The coatings are exposed to different severities of solubility 
tests to achieve the most useful and relevant data for degradation mechanism. The UV 
exposure test has caused different levels of degradation for hydrophobic and optical 
performance of coatings. The degradation of optical performance in some coatings was 
observed in the UV region. The hydrophobic performance is degraded gradually during 
UV exposure on most of the coatings. The UV exposure test is terminated on coatings 
after losing the hydrophobicity within a short time of UV exposure. The rain drop 
simulation test emphasizes that the RoA is vital for hydrophobic coatings and should be 
below a ‘critical value’, so that the water drops clean the surface by carrying away the 
dirt and dust. This will also reduce the risk of staining and soiling on the surface. Water 
stains are detrimental for the hydrophobic properties of coatings. Ideally, the RoA 
should be below the installation angle of the PV modules. 
The mechanical stress tests such as abrasion, sand impact test and adhesion tests are 
used to evaluate the mechanical durability of the coatings. The abrasion test results 
show that the industry standard CS8 and CS10 abrasive materials damage all types of 
coatings significantly, except the MAR coating. However, these types of materials can 
be used to compare the durability of coatings. Materials such as cloth, felt pad or scour 
pad would simulate the real-life conditions of abrasion. As such this test is used to 
assess the coating durability. A sand impact test was developed at CREST to show how 
both the optical and hydrophobic performance of coatings can degrade during sand 
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exposure. The coating can be partially or completely removed. The damage on coatings 
can also be seen visually after exposure. The sand impact exposure showed that the 
impact point where the coating first suffered from sand impact has highest degradation. 
SEM is used to investigate the damage over the coated surface.  
 
  
4 Performance and Durability of Single 
Layer Anti-reflective (AR) Coatings 
 
4.1 Introduction 
A significant source of energy loss in photovoltaic (PV) modules is caused by reflection 
from the front cover glass surface. Reflection at the air-glass interface of solar cover 
glass causes a loss of  greater than 4% [118]. An anti-reflection (AR) coating on the 
outer surface of the cover glass is effective at reducing reflection losses over the 
wavelength range of PV devices.  
Single layer AR coatings are currently used to reduce reflection losses from the surface 
of the cover glass of crystalline silicon PV modules. They are also applied to cover 
glass on substrate configuration thin film modules such as CIGS, and directly to the 
glass superstrate for thin film cadmium telluride (CdTe) modules. Mainstream 
technology solar panels are provided with a 25-year warranty, so AR coatings for solar 
modules must be durable on a time-scale matching this industry standard. Solar 
modules undergo a series of accelerated environmental and durability tests to ensure 
they can withstand the stresses during their life-time in accordance with the 
International Electrotechnical Commission (IEC) PV design qualification and type 
approval standards [21]. As AR coatings will undergo the same environmental and 
mechanical stresses as the PV modules, exposure of AR coatings for PV modules to 
similar test procedures is necessary to discover possible degradation mechanisms of 
single layer AR coatings. Coatings on PV cover glass are continuously exposed to 
different environmental stresses, so additional testing protocols beyond the standard 
IEC tests have been devised and implemented to ensure that all possible mechanisms 
resulting in degradation are simulated. 
Different types of AR coatings are available in the market. These coatings are chosen 
by considering the performance, durability, cost and ease of application. The PV 
industry is mainly using low-cost, single layer sol-gel coatings that are deposited in 
atmospheric conditions using solution processing techniques. These coatings provide 
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effective anti-reflection performance with assurances of the longevity of the coating, 
such as no visual degradation after 1000 hours of damp heat exposure [119].  
Porous sol-gel AR coatings are known to be mechanically less durable and susceptible 
to water ingress which affects the refractive index of the coating and therefore, the anti-
reflection performance. It is possible to improve the vulnerability against water damage 
of such coatings. However, a trade-off between the optical performance, mechanical 
durability and resistance to water damage. Sol-gel AR coatings predominantly used are 
hydrophilic hard coatings with a non-porous closed top surface [119], which are more 
resistant to water damage than traditional porous silica coatings.  
In this chapter, we explore the performance and durability of two types of single-layer 
AR coatings that reduce the reflectance loss at the glass surface by at least 50%. A 
single layer closed-surface hard coat AR coating deposited on glass substrates using a 
sol-gel method by dip coating and a water-based nanoscale coating wipe coated in 
atmosphere. The durability of the AR coatings was investigated by applying a variety of 
accelerated environmental and mechanical test methods. The anti-reflection 
performance of coatings was expected to perform within at least 95% of their initial 
performance after exposure to each stress tests. The degradation of the single layer AR 
coatings was compared to broadband multilayer AR (MAR) coatings, presented in 
Chapter 5.  
The reflectance and transmittance of the AR coatings were measured to assess the 
performance of the coatings. Where possible, the refractive index (RI) and the surface 
morphology of the coatings were monitored. This was to observe the degradation in 
detail following the stress tests. 
	
4.2 Single Layer AR coatings on PV Cover Glass 
The ideal theoretical refractive index of a coating for maximum transmission was first 
derived by Lord Rayleigh [136]. The refractive index of an optimized single layer AR 
coating, with clearly defined step changes in refractive index, is defined in Equation 4.1. 
 
݊௖ ൌ √݊ଵ݊ଶ    Equation 4.1 
 
 Chapter 4: Performance and Durability of Single Layer Anti-reflective (AR) Coatings   
 
56 
 
Where nc is the refractive index of the coating, n1 is the refractive index of the entrance 
medium, and n2 is the refractive index of the exit medium. In the case of an air-glass 
interface, assuming the refractive index of glass is ~1.5 at a wavelength of 550 nm, the 
ideal refractive index for a single layer AR coating is ~1.22. By manipulating the ratio 
between silica and voids within a coating, a refractive index as low as 1.22 is 
achievable through sol-gel deposition. 
Single layer AR coating is also achieved through the manipulation of reflections from 
the layer interfaces to create destructive interference, between the glass-coating 
interface and the coating-air interface. Figure 4.1 shows the anti-reflection effect of a 
single layer AR coating. The ideal thickness for interference for a single layer coating is 
a quarter of the wavelength of incident light. The effectiveness of single layer AR 
coating is maximised at a single wavelength as the thickness of a coating can only be a 
quarter length of a single wavelength. Additionally, as the path length through the 
single layer AR coating depends on the path taken through the coating, destructive 
interference is most effective at a single angle of incidence. 
 
 
 
4.2.1 AR Coating Preparation  
Silica (SiO2) is the most common material used in single-layer AR coatings deposited 
through the sol-gel method. Although magnesium fluoride has a lower refractive index 
than SiO2 (At 550nm, the refractive index is ~1.38 for MgF2 and ~1.46 for SiO2), the 
availability and durability of SiO2 makes it more attractive. The refractive index of the 
material decreases as the void percentage (air pockets within the film) increases. As the 
  
Figure 4.1-The anti-reflection effect of a single-layer AR coating.  The two 
reflections destructively interfere 
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porosity of the coating increases, the friability of the coating increases. The refractive 
index of deposited porous silica coatings has been reported to be as low as n=1.08 [36].  
It is possible to control the parameters of sol-gel deposition, such as dip speed, solution 
viscosity, and spin rates to obtain greater control over the dimensions of microstructures 
in sol-gel surfaces, such as surface area and thickness, void radius, and volume [137], 
[138]. Thickness control in sol-gel deposition is fairly good as deposition parameters 
can be manipulated and refined to give the desired thickness. The thickness of sol-gel 
deposited films ranges from 50-500 nm [139]. 
Most sol-gel materials used for AR coatings use alkoxysilanes as the precursors, to 
grow silica particulates (Stöber Spheres) or to bind together pre-existing silica 
particulates. A range of alkoxysilanes has been used, including high silica content 
systems [140]. Some  patents also describe the use of commercially available colloidal 
silica, or use of hollow ceramic spheres [26], [141].  
 
4.2.1.1 AR Coating-1 (ARC1) 
The ARC1 coating investigated in this work is a single-layer sol-gel processed closed-
surface hard coat that is manufactured broadly based on the technology described by 
Thies [142]. This method includes the application of a homogenous mixture which 
comprises of two materials to crosslink to the substrate, nanoparticles and solvent (e.g. 
acetone, diethyl acetate, methanol). After application of the mixture to the substrate, the 
crosslinking is induced, and at least part of the first material that does not crosslink is 
removed. First material that does not crosslink is suggested to be lyotropic liquid 
crystalline polymer (e.g. hydroxypropyl cellulose), thermotropic liquid crystalline 
polymers or non-polymeric liquid crystalline materials. The second material that does 
crosslink is suggested to be from the monomers containing (meth)acryloyl groups, such 
as trimethylolpropane, pentaerythritol methacrylate and ethylene glycol 
di(meth)acrylate. Acrylated silica nanoparticles that has smaller than 400 nm diameters 
are preferred to be used in the form of a suspension. However, the exact materials and 
the deposition method are undisclosed. The refractive index and extinction coefficient 
of ARC1 was measured by spectroscopic ellipsometry. The refractive index is sub-
optimal, slightly over 1.26 in the range of 407 nm to 433 nm. However, the refractive 
index outside of this range was between 1.28 and 1.29 across most of the spectrum, as 
can be seen in Figure 4.2.  
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The thickness of the coating extracted from the ellipsometric analysis was cross-
checked with the SEM analysis of the ARC1 on glass substrate as shown in Figure 4.3. 
The coating thickness was measured at ~180 nm by using AxioVision Microscope 
Software. To achieve minimal reflectance, a coating with this refractive index 
dispersion (1.26–1.29) would be ~100 nm thick. Therefore, the coating thickness is not 
optically optimal. The initial WAR is measured at ~2.2% across 350 to 850 nm. 
 
 
 
 
 
  
Figure 4.2-Measured refractive index (n) and extinction coefficient (k) of the 
ARC1 
  
 
Figure 4.3-Cross-section SEM image of the ARC1 
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4.2.1.2 AR Coating-2 (ARC2) 
The ARC2 is an aqueous, silica nanoparticle-based coating, utilising a proprietary 
inorganic binder phase. The ARC2 coating comprises of a colloidal solution of 
nanoparticles and a solidifying material that includes a silica precursor. The solidifying 
material (e.g. dilute water-based solution of silica precursor) is then cured at room 
temperature (RT) to form silica inter-particle connections between the adjacent 
nanoparticles and the substrate to bind the nanoparticles to each other and to the 
substrate. Precursor used is a water soluble alkaline silicate. The coating can be 
deposited by a number of common deposition methods: spray, dip, spin, or roll 
coating. The tested samples were deposited by roll and dip coating methods. The 
refractive index of the tested samples was measured to be ~1.26 at a wavelength of 550 
nm. Figure 4.4 shows the dispersion of the refractive index (n) and the extinction 
coefficient (k) of the ARC2 coating over the wavelength range 300 nm to 800 nm. The 
thickness of the ARC2 coating extracted from ellipsometry data is cross-checked with 
the analysis of cross-section SEM image. 
 
 
 
The cross-section SEM image of ARC2 coating is shown in Figure 4.5. The thickness 
of the coating is measured at ~100 nm using AxioVision Microscope Software. The 
WAR is measured at ~5.0% across 350 to 850 nm. 
 
  
Figure 4.4-Measured refractive index (n) and extinction coefficient (k) of the 
ARC2 
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Table 4.1 below shows the summary of single-layer AR coatings tested in this chapter. 
 
 
 
4.3 Results of Mechanical Stress Tests 
4.3.1 Adhesion Tests 
Adhesion quality is an important factor for thin-film coatings. High adhesion results in 
a coating with greater longevity and therefore, greater cost-effectiveness. The adhesion 
of the two-different single layer AR coatings was assessed. The ARC1 and ARC2 
coatings were assessed using tape adhesion and the cross-hatch test. Additionally, the 
adhesion of ARC1 coating was tested with a pull test described in Chapter 3. 
 
4.3.1.1 ARC1 
Tape Adhesion Test 
The tape adhesion test [133] was carried out according to Mil-C-675C with minor 
adjustments. The results revealed no change in the optical performance, as well as no 
  
Figure 4.5-Cross-section SEM image of ARC2 
Table 4.1-Summary of single-layer AR Coatings  
 Material Processing Method Deposition Curing 
ARC1 Oxide NP based Polymer Sol-gel Dip 
100°C (30 
mins) 
ARC2 Silica NP film Colloidal solution Roll RT 
ARC2-V2 Silica NP film Colloidal solution Dip 550°C (5 mins) 
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peeling or detachment of the coating after the tape adhesion test of ARC1. Figure 4.6 
shows the images before and after the test.  
 
 
 
Pull test 
Pull tests performed on the ARC1 were carried out using a dolly size of 20 mm, with 
the standard ethyl-2-cyanoacrylate-based adhesive. The dollies were sanded with 120 
grit sandpaper and were glued 6 days prior to testing. The dollies were pulled at a rate 
of 0.7 MPa/s. The coating withstood a maximum load of 4.9 MPa before the glass 
substrate failed. Figure 4.7 shows the glass substrate cracked and still partially stuck to 
the dolly (~45%). The glue is on the remaining surface of the dolly, and was removed 
from the surface of the coating. The coating was still intact across the entire surface of 
the glass, providing evidence that the ARC1 has good adhesion.  
 
 
 
 
 
  
Figure 4.6-Images of ARC1 a) before the tape adhesion test b) before snapping 
off the tape c) after the test 
  
Figure 4.7-a) The base of a dolly with glass adhered to the surface, indicating no 
coating delamination b) fractured sample of ARC1 on glass after a pull test 
a) b) c) 
b) a) 
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Cross-hatch test 
In the standard test, a pattern consisting of 6 parallel lines is created by scratching the 
coating using a round, 6-bladed, steel cutting knife manufactured by Dyne Technology 
Inc. (model number: CC1000). Then, 6 parallel lines are scratched, intercepting the 
initial lines at 90° to create a cross-hatch pattern. The ARC1 displayed no visible 
damage after the cross-hatch test. Therefore, the ARC1 coating has a score of 0 
according to ISO 9211-4 [143], indicating excellent adhesion. 
 
4.3.1.2 ARC2 
Tape Adhesion Test 
Tape adhesion test was applied on ARC2 coating. Figure 4.8 shows the steps taken 
during the tape adhesion test. The coating showed exceptional adhesion on the substrate 
as seen in Figure 4.8d). The thin sticky layer of the tape was left on the coating without 
causing damage. The coating was cleaned with IPA to measure the optical performance. 
No significant change was observed in transmittance of the sample before and after the 
tape adhesion test as shown in Figure 4.9.  
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Figure 4.8-Images of ARC2 a) before the tape adhesion test b) before snapping 
off the tape c) after the test d) after cleaning the surface 
 
Figure 4.9-Reflectance of ARC2 shows no significant difference before and after 
tape adhesion 
a) b) 
c) d) 
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Cross-hatch test 
The cross-hatch pattern on ARC2 coating was created by using a steel blade. No visible 
flaking or peeling occurred at the intersections of tested area of the coating surface after 
the test which confirms an outstanding adhesion performance. This corresponds to a 
grade 0 adhesion according to ISO 9211-4. Figure 4.10 below shows the sample before 
and after the test. 
 
 
 
4.3.2 Abrasion Resistance Test 
It is crucial for AR coatings on PV cover glass to be abrasion resistant due to cleaning 
surfaces, general wear and tear, and falling debris in certain environments. Therefore, 
ARC1 and ARC2 coatings were tested to assess the abrasion resistance using a 
reciprocating abrader. 
 
4.3.2.1 ARC1 
A felt pad with a surface area of ~78.5 mm2 was applied to the surface of the ARC1 
coating with a force of 10 N. It was then passed across the surface 100 times, with a 
stroke length of 30 mm and a speed of 60 cycles per minute. This test was an attempt to 
simulate the effect of cleaning with a cloth or brush-type appliance. This increased the 
WAR of the sample relatively by 32%, from 2.8% to 3.7%. 
The CS-10 [104] abrader was pressed to the surface of ARC samples with a force of 5 
N and 10 N. The abrader was then repeatedly passed over the sample surface at 60 
  
Figure 4.10-a) ARC2 sample after the cross-hatch pattern b) no peeling at the of 
the coating after the tape is snapped off 
a) b) 
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cycles per minute with a stroke length of 30 mm. After 100 cycles at each force, the 
coatings were cleaned in an ultrasonic bath and the WAR was measured. This resulted 
in an absolute increase in WAR of 1.3% and 2.2% for 5 N and 10 N, respectively. The 
increase in WAR is due to severe damage to the coating. This result suggests that wear 
and tear is an issue for sol-gel ARCs, and that care must be taken over the choice of 
cleaning materials and appliances for coated modules. 
 
 
 
The WAR measurement results are given in Table 4.2. Figure 4.11 shows the optical 
microscope image of the ARC1 coating after the abrasion resistance test with felt pad. 
 
 
 
4.3.2.2 ARC2 
ARC2 coated glass samples were tested for abrasion resistance with felt pad and CS10 
abrasive materials under loads of 5 N and 10 N. Figure 4.12 below shows the optical 
images of the sample after 10, 50 and 100 cycles of abrasion cycles. The images 
Table 4.2-WAR measurement results of ARC1 sample post abrasion test 
with felt pad 
 WAR - ARC1 – Post 100 abrasion cycles 
Initial 2.8% 
Felt pad (10 N) 3.7% 
CS-10 (5 N) 4.1% 
CS-10 (10 N) 5.0% 
  
Figure 4.11-Optical microscope images of ARC1 after abrasion test with felt 
pad and a load of 10 N a) at the end of stroke b) at the long edge of stroke 
a) b) 
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showed that the ARC2 coating was not durable against the felt pad abrasion. Partial 
removal of the coating is observed after only 10 cycles as shown in Figure 4.12b). 
Complete removal can be seen at certain points of the coated area in 4.12d) after 100 
abrasion cycles. Figure 4.13c) shows the reflectance measurement of the sample during 
felt pad abrasion confirming significant degradation after 100 cycles under 10 N load. 
However, the ARC2 coating still shows some anti-reflectivity in some areas. Figures 
4.13a) and 4.13b) show the measured reflectance before and after 10, 50 and 100 
abrasion cycles with CS10 abrasive material under 5 N and 10 N load respectively for 
comparison. No significant difference in reflectance was observed after CS10 abrasion 
under 5 N and 10 N loads. However, the degradation in reflectance after 10 cycles of 
CS10 abrasion was significantly higher than the degradation after 10 felt pad abrasion 
cycles under same load. After total of 100 cycles under both conditions, the difference 
became smaller. Table 4.3 shows the result of WAR measurements of the ARC2 
samples over the wavelength range of 350 nm to 850 nm, after a total of 100 cycles. 
This confirms the slight performance difference between felt pad and CS10 abrasion.  
 
 
 
 
 
Figure 4.12-Optical microscope images of ARC2 after abrasion test with felt 
pad under 10 N load a) initial and after b) 10 cycles c) 50 cycles and d) 100 
cycles 
a) b) 
c) d) 
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Figure 4.14 shows the SEM images of the abrasion resistance tested sample with felt 
pad under 10 N load. 
 
 
Figure 4.13-Reflectance measurement during abrasion resistance test on ARC2 
with a) CS10 under 5 N load b) CS10 under 10 N load c) Felt pad under 10 N 
load over 350 nm to 800 nm 
Table 4.3-WAR measurement results of ARC2 sample post abrasion 
resistance test after 100 cycles 
 WAR – ARC2 
Initial 4.9% 
Felt pad (10 N) 7.1% 
CS-10 (5 N) 7.9% 
CS-10 (10 N) 7.9% 
a) b) 
c) 
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4.3.2.3 ARC2-Version-2 (ARC2-V2) 
After the ARC2 coating failed to perform well against abrasion resistance test with felt 
pad and CS10, ARC2-V2 was developed and deposited on 1 mm microscope glass 
slides by dip coating method. The samples were also briefly heat treated at 550°C to 
mimic tempering used in the industrial scale process. No visual damage or degradation 
was observed after 100 cycles of felt pad abrasion as seen in Figure 4.15. The optical 
performance of the coating was reduced ~1.5% after 500 cycles of felt pad abrasion. 
Figure 4.16 shows the reflectance measurements over the wavelength range of 350 to 
800 nm. The maximum reduction was observed at ~350 nm of the spectra. This 
confirms a significant improvement of ARC2-V2 against felt pad abrasion in 
comparison to ARC2.  
 
 
  
Figure 4.14-SEM images of the abrasion tested ARC2 sample with felt pad 
under 10 N load  
 
Figure 4.15-Images of ARC2-V2 after 100 cycles of abrasion test with felt pad 
under a load of 10 N  
a) b) 
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In addition to felt pad abrasion, samples were also tested against CS8 and CS10 under a 
load of 5N to compare the effect of abrasive materials. Figure 4.17 shows the 
reflectance measurements of the two samples with different materials under same load. 
The reflectance measurements in Figures 4.17a) and b) indicate that there is no 
significant difference between the degradation that CS8 and CS10 abrasive materials 
caused under 5N load for testing of ARC2-V2 samples. However, the ARC2-V2 shows 
a slight improvement against the CS10 abrasion in comparison to the reflectance 
measurement of the ARC2 in Figure 4.13a). 
 
 
 
 
Figure 4.16-Reflectance measurements on ARC2-V2 during abrasion test with 
felt pad under load of 10 N  
 
Figure 4.17-Reflectance measurement on ARC2-V2 during abrasion test with a) 
CS8 and b) CS10 under a load of 5N  
a) b) 
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4.3.3 Scratch Resistance Test  
4.3.3.1 ARC1 
A round end cone micro-indenter with a tip radius of 5 μm was used. The micro-
indenter was held at a force of 0.1 mN at the surface of the sample, and then the load 
was increased at a rate of 1mN per 1μm as the micro-indenter travelled across the 
surface. The micro-indenter travelled 400 μm and applied a maximum force of 400 mN 
over the 5 μm micro-indenter tip, at ~5 kPa pressure. 
An image of the resulting scratch from the micro-scratch test is shown in Figure 4.18. 
The resting force of 0.1 mN deformed the coating at ~30 nm. Figure 4.18 shows that 
debris begins to appear next to the scratch very early, implying partial delamination at 
~20-40 mN. This point on the scratch is indicated in Figure 4.18, labelled 
‘Delamination initiates’. At ~180-200 mN it appears that the debris from the coating is 
much larger and displays interference effects, which indicates that the coating has 
begun to delaminate completely. In Figure 4.19, this point is indicated by the label 
reading ‘Total delamination occurs’. There are no cracks extending from the scratch, 
implying that the damage the coating has sustained is localised. 
 
 
 
 
Figure 4.18-Scratches produced by micro-indenter on the surface of ARC1 
sample 
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4.3.4 Sand Impact Test (SIT) 
Sand accumulation causes major problems for power generation of PV modules in arid 
regions. The durability of the coatings against sand abrasion should be investigated to 
understand the effectiveness of the coatings. Sand impact test (SIT) method described 
in Chapter 3 was used to assess the impact of sand on ARC1 and ARC2 coatings. 
 
4.3.4.1 ARC1 
The ARC1 sample was exposed to sand impact test. For the exposure to this test, 500g 
of sand was used. The total duration of the test was 60 seconds. The sample was fixed 
to the sample holder at an angle of 45o. Figure 4.20 shows the images before, after the 
exposure and after cleaning the sample. The optical performance was measured on 
approximately the same point on each of the samples. The optical measurement results 
confirm the areas damaged by different severity results in different levels of 
performance degradation. The lowest transmittance and reflectance measured at 550 nm 
over the coated area after cleaning was 96.5% and 2.5%, respectively. This is ~1.2% 
reduction in performance of both transmittance and reflectance. The discoloration 
(whitening) also known as ‘frosting’ observed on the area of the first impact point of 
sand confirms the optical degradation of the coating.  
 
 
Figure 4.19-Plot of the load applied to the micro-indenter against depth 
penetrated the surface of the ARC1 sample 
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The highest degradation of the optical performance occurred in the discoloured area of 
the sample. The reflectance of the ARC1 coating before and after the exposure is shown 
in Figure 4.21. 
 
 
 
Figure 4.22 shows the planar view SEM images before and after the exposure to SIT, 
confirming the damage to the porosity of ARC1 coating.  
 
  
Figure 4.20-ARC1 sample a) before and b) after SIT exposure showing the 
discoloration on the top side of the sample c) discoloration still exist after 
cleaning  
 
 
Figure 4.21-Reflectance of the ARC1 before and after the Sand Impact 
exposure 
a) b) c) 
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4.3.4.2 ARC2 
The ARC2 was exposed to the sand impact test under the same conditions as the ARC1. 
Figure 4.23 shows the images of the sample before and after the SIT. The reflectance 
measurement of ARC2 coating during the exposure is given in Figure 4.24. The 
reflectance at 550 nm was increased by ~33% relatively, from 4.5% to 6.0%. The SEM 
images before and after the exposure shows severe damage to the nanoparticles of the 
ARC2 in Figure 4.25.  
 
 
 
 
   
Figure 4.22-SEM images of ARC1 sample a) before and b) after SIT exposure, 
showing severe damage on the coating surface 
  
Figure 4.23-ARC2 sample a) before and b) whitening on the coating surface 
similar to ARC1 sample confirming the degradation after SIT exposure c) 
whitening is not recovered completely after cleaning  
a) b) 
a) b) c) 
a) b) 
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4.4 Results of Environmental Stress Tests 
4.4.1 Resistance to High Temperature and Humidity 
PV modules are deployed in hot and humid climates such as equatorial regions where 
there is high level of solar irradiance. Therefore, the coatings used on any PV 
technology must be able to withstand high humidity and temperatures. 
 
  
Figure 4.24-Reflectance of the ARC2 before and after SIT exposure 
   
Figure 4.25-Planar view SEM images of ARC2 sample a) before and b) after 
SIT exposure showing the substantial change on the coating nanoparticles 
b) a) 
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4.4.1.1 ARC1 
Two samples of ARC1 coatings were tested in an environmental chamber (Sanyo 
Gallenkamp) and held at 85°C and 85% RH for a total of 1000 hours. The reflectance of 
the samples was measured at the beginning and end of the 1000 hours, and at the mid-
way point at 500 hours. Table 4.4 shows the result of DH exposure on ARC1 samples. 
Before each measurement the samples were cleaned with DI water and IPA without 
damaging the surface, to observe the effect of the DH test only. 
 
 
 
After 500 hours, the change in WAR was negligible. A slight reduction in WAR in 
sample 2 is most likely caused by a change in the coating porosity percentage or the 
coating thinning after prolonged heat exposure. After 1000 hours, the WAR of the 
samples had increased considerably. The WAR of sample 1 and 2 had increased by 0.9% 
and 0.5%. This indicates that the coating is susceptible to damage from exposure to 
damp heat. The surfaces of the coatings appeared to have been affected by humidity 
exposure from the damp heat test. After 1000 hours, water stains were clearly visible as 
shown in Figure 4.26c).  
 
 
Table 4.4-Measured WAR of ARC1 samples after DH exposure 
 Sample 1 Sample 2 
Initial 2.3% 2.4% 
500 hours 2.3% 2.2% 
1000 hours 3.2% 2.9% 
 
Figure 4.26-Images of ARC1 sample a) before exposure b) after 500 hours of 
DH exposure c) showing signs of water damage after 1000 hours of DH 
exposure 
a) b) c) 
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The samples were analysed using SEM and optical microscopy. Figure 4.27 shows the 
optical images of the ARC1 coatings before and after the damp heat exposure.   
 
 
 
Figure 4.28 and Figure 4.29 show the SEM images of the ARC1 coating before 
exposure, after 500 hours and after 1000 hours of DH exposure in planar and cross-
sectional view, respectively. The refractive index of the ARC1 was also monitored 
throughout the DH exposure and measured at 1.29 after 500 hours, and 1.33 after 1000 
hours.  
 
Figure 4.27-Optical microscope images of ARC1 a) before exposure to DH b) 
severe water damage caused by the damp heat on the surface of Sample 1 c) 
water damage on Sample 2 after 1000 hours of DH exposure 
a) b) c) 
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Figure 4.28-Planar view SEM images of ARC1 a) before exposure to DH b) 
pores became apparent after 500 hours of DH exposure c) severe damage in 
coating with no pores are visible after 1000 hours of DH exposure 
 
Figure 4.29-Cross-section SEM images of ARC1 a) before exposure to DH b) 
pores still visible after 500 hours of DH exposure c) after 1000 hours of DH 
c) 
c) 
b) 
a) 
a) b) 
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The edges, where the ARC1 sample was secured to the sample holder with polyimide 
tape, were analysed using optical microscopy to assess the effect of DH exposure to the 
adhesion of the coating. Severe degradation was observed on the surface of the samples 
as shown in Figure 4.30.  
 
 
 
4.4.1.2 ARC2 
ARC2 coating was exposed to the damp heat test at 85°C and 85% RH for a total of 
3000 hours. The coating degradation was monitored through transmission and refractive 
index measurements up to 1000 hours of exposure. The coating was also analysed under 
SEM imaging. The transmittance of the sample was monitored after 1000 hours of 
exposure over the 200 nm to 1200 nm wavelength range. Figure 4.31 and Figure 4.32 
show the planar and cross-section view SEM images of ARC2 coating respectively, 
during DH exposure.  
 
 
Figure 4.30-Severe damage caused by the tape during DH exposure at the edge 
of ARC1 a) Sample 1 and b) Sample 2 
a) b) 
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Both cross-section and planar view SEM images show that the ARC2 coating was not 
significantly affected after 1000 hours of DH exposure. The transmittance and 
reflectance measurements confirmed that there was no degradation in coating 
performance after 1000 hours of DH exposure. However, the coating showed crazing 
patterns on the planar view SEM image. Therefore, the exposure was extended in order 
to further observe the development of the degradation. 
   
 
Figure 4.31-Planar view SEM images of ARC2 sample a) before b) no visual 
damage apparent after 500 hours of DH c) slight change in the surface 
morphology after 1000 hours of DH exposure 
a) 
c) 
b) 
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Figure 4.33 shows the reflectance measurements of ARC2 samples during the DH 
exposure up to 3000 hours. The reflectance was increased to ~1% over the wavelength 
of 300 nm to 800 nm. There is also a slight increase of ~0.5% observed over the 
infrared region (800 nm to 1200 nm) of the spectra. Nevertheless, this result confirms 
that ARC2 coating has exceptional resistance against a hot and humid environment.  
   
 
Figure 4.32-Cross-section SEM images of ARC2 sample a) before DH exposure, 
evenly distributed AR coating b) no significant difference after 500 hours and c) 
slight change in the coating structure after 1000 hours of exposure  
a) 
c) 
b) 
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4.4.2 Stability Against Thermal Cycling 
The AR coatings applied on PV modules in the field experience environmental stresses 
such as temperature changes due day and night cycle occurs during their service life. 
Therefore, the ARC1 and ARC2 coatings were tested against temperature cycling test. 
 
4.4.2.1 ARC1 
The ARC1 coatings were exposed to thermal cycling test, with temperatures ranging 
from -40ºC to 85ºC, and with a minimum dwell time of 10 minutes at each temperature 
extreme in accordance with IEC 61215-2:2016. A Vötschtechnik VCS 7430-4 H 
environmental chamber was used for the exposure. Figure 4.34 shows that thermal 
cycling had a positive effect on the WAR of the samples, indicating that the samples are 
resistant to thermal damage.  
 
 
Figure 4.33-Measured a) reflectance of ARC2 coating over 200 nm to 1200 nm 
b) a maximum of 1% reduction in reflectance over 300 nm to 800 nm after 3000 
hours of DH exposure 
a) b) 
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The WAR measurement results of ARC1 during the thermal cycling test is shown in 
Table 4.5. The WAR measurements suggest a heat treatment on the coating causing an 
improvement after 200 cycles of thermal cycling exposure.  
 
 
 
4.4.2.2 ARC2 
The ARC2 sample was exposed to 300 cycles of the thermal cycling test. The 
reflectance of the ARC2 was measured at 50, 100, 200 and 300 cycles. Figure 4.35 
shows the reflectance measurement over 300 nm to 800 nm. The results showed a slight 
improvement in reflectance performance of the coating similar to the results of ARC1 
after thermal cycling exposure.  
 
Figure 4.34-The measured WAR of ARC1 samples cycled 0, 50, 100, 150, and 
200 times between -40ºC and 85ºC in a climatic chamber  
Table 4.5-WAR measurement results of ARC1 samples 
 Sample 1 Sample 2 Sample 3 
Initial 3.6% 3.5% 3.7% 
50 cycles 3.2% 3.4% 3.2% 
100 cycles 2.7% 2.8% 3.2% 
150 cycles 2.1% 2.2% 2.2% 
200 cycles 2.0% 2.0% 2.1% 
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4.4.3 Humidity-freeze (HF) Test  
The coatings were exposed to humidity-freeze test as described in Chapter 3 to monitor 
the resistance against hot and humid environment followed by sub-zero temperatures.  
 
4.4.3.1 ARC1 
The ARC1 coating was exposed to the total of 10 humidity-freeze cycles. Figure 4.36 
shows the reflectance measurement of ARC1 sample during the exposure. The 
reflectance was measured at 3 different points on the surface and the minimum values 
were recorded. The coating performance did not degrade after 2 HF cycles. However, 5 
cycles caused ~1% reduction in the reflectance performance. The reflectance 
degradation at 550 nm was ~3.6% after being exposed to a further 5 cycles, totalling 10 
cycles of exposure. Figure 4.37 shows the images of the coating exposed to the 
humidity-freeze test.  
 
 
Figure 4.35-The reflectance measurement of ARC2 coating during thermal 
cycling test at 0, 50, 100, 200 and 300 cycles  
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The structural damage to the ARC1 sample can be seen clearly under an optical 
microscope as shown in Figure 4.38. 
 
 
Figure 4.36-The reflectance measurements of ARC1 coating during humidity 
freeze test at initial, 1, 2, 5 and 10 cycles  
 
Figure 4.37-ARC1 coating during humidity-freeze test a) slight color change 
with no degradation after 2 cycles, b) color change with slight reflection 
increase after 5 cycles and c) significant visual change and severe damage on the 
surface after 10 cycles  
a) b) c) 
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4.4.3.2 ARC2 
The ARC2 coating was exposed to humidity-freeze cycles together with the ARC1. 
Degradation of ~0.5% in reflectance performance at 550 nm was observed after 2 HF 
cycles. The reflectance remained around the same level after completion of 5 cycles. 
The maximum absolute reduction in reflectance was ~1.5% after a total of 10 HF cycles. 
Figure 4.39 shows the reflectance measurements over 300 nm to 800 nm. 
 
 
 
 
Figure 4.38-Optical microscope images of damaged areas on ARC1 coating 
after 10 cycles of humidity-freeze test  
  
Figure 4.39-The reflectance measurement of ARC2 coating over 300 nm to 800 
nm during HF test at initial, 1, 2, 5 and 10 cycles 
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The highest reflectance and the lowest transmittance values were measured on the 
damaged point shown in Figure 4.40. The damage seemed to be due to the moisture 
ingress through the surface via the areas with defects. 
 
 
 
4.4.4 Solubility Test 
PV modules are exposed to heavy rainfalls, especially in the regions where monsoon 
season occurs. Therefore, the AR coatings on PV cover glass should retain their 
performances against exposure to water.  
 
4.4.4.1 ARC1 
ARC1 sample was exposed to water solubility tests in accordance with ISO 9211-4. The 
least aggressive test is the immersion of the samples into DI water for up to 96 hours. 
After immersion, the samples were dried with compressed air and the reflectance of the 
samples was measured. The WAR of the ARC1 sample was reduced after 6 hours of 
immersion, suggesting a change in the coating structure. As shown in Figure 4.41, the 
WAR initially decreased, however, with further exposure lasting 24 hours and 96 hours, 
the reflectance increased. The WAR of the sample was measured after 6, 24, and 96 
hours. This suggests that ARC1 is susceptible to water damage. Table 4.6 shows the 
WAR results of ARC1 during the DI water immersion test. 
 
 
Figure 4.40-ARC2 coating during humidity-freeze test at a) water damage after 
2 cycles, b) and c) the degree of damage increased after 5 cycles and after 10 
cycles, respectively 
a) b) c) 
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The coatings were then placed in boiling DI water for a period of 5, 10, and 15 minutes. 
No physical degradation was observed after 15 minutes of immersion in boiling water. 
However, the WAR of the sample decreased after the exposure to boiling water, as 
shown in Figure 4.42. This is consistent with the observations discussed in the Stability 
Against Thermal Cycling in Section 4.4.2., where it was found that high temperature 
improves WAR by heat treating. The results shown in Table 4.7 suggest that damage 
from water occurs on a timescale of hours. 
 
Table 4.6-WAR measurement results of ARC1 after immersion in DI 
water 
 WAR – ARC1 Sample 
Initial 2.5% 
6 hours 2.1% 
24 hours 2.8% 
96 hours 3.6% 
. 
Figure 4.41-The WAR of ARC1 sample after immersion in DI water for 0, 6, 24, 
and 96 hours 
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In the final water solubility test (ISO 9211-4), the samples were placed in boiling DI 
water for 2 minutes and then immersed DI water at room temperature (RT) for 1 minute. 
This process was repeated 10 times and WAR measurements were taken after the 1st, 
2nd, 5th, and 10th cycle. The samples displayed no visible degradation. The WAR was 
reduced due to heat after the first 2 cycles then remained relatively constant. The 
change in WAR of the sample is shown in Figure 4.43. The samples showed no 
significant change visually. 
 
Table 4.7-WAR measurement results of ARC1 sample after immersion 
in boiling DI water 
 WAR – ARC1 Sample 
Initial 2.5% 
5 minutes 2.4% 
10 minutes 2.4% 
15 minutes 2.1% 
 
Figure 4.42-The WAR of ARC1 sample after immersion in boiling DI water for 
0, 5, 10 and 15 mins 
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4.4.4.2 ARC2 
ARC2 coated glass samples were exposed to water solubility tests sequentially in 
accordance with ISO 9211-4 and in the same way as ARC1 samples. Figure 4.44 shows 
the reflectance measurement over 300 nm to 800 nm before and after immersion in DI 
water at RT and immersion in boiling DI water. An improvement in reflectance of 0.5% 
was observed at 550 nm after final exposure. The WAR over 350 to 850 nm confirms 
slight improvement as shown in Table 4.9 and Table 4.10. This suggests ARC2 has 
excellent resistance to the solubility tests.  
 
Table 4.8-WAR measurement results of ARC1 sample after immersion 
in boiling DI water 
 WAR – ARC1 Sample 
Initial 2.5% 
1 cycle 2.2% 
2 cycles 1.9% 
5 cycles 1.8% 
10 cycles 1.8% 
 
Figure 4.43-The WAR of ARC1 sample after 0, 1, 2 , 5, and 10 cycles of 2 
minutes in boiling DI, followed by 1 minute in room temperature DI water 
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The WARs of the sample after exposure to 2 minutes in boiling DI water followed by 1 
minute immersion in DI water at RT are shown in Table 4.11. The reflectance was 
measured, and the WAR was calculated after the 1st, 2nd, 5th and 10th cycle of the 
exposure.  
Table 4.9-WAR measurement results of ARC2 after immersion in DI 
water 
 WAR - ARC2 Sample 
Initial 5.0% 
6 hours 4.9% 
24 hours 4.8% 
96 hours 4.8% 
 
Figure 4.44-The WAR of ARC2 sample after immersion in DI water for 6, 24 
and 96 hours and in boiling DI water for 5, 10 and 25 minutes 
Table 4.10-WAR measurement results of ARC2 sample after immersion 
in boiling DI water 
 WAR - ARC2 Sample 
Initial 4.8% 
5 minutes 4.7% 
15 minutes 4.6% 
30 minutes 4.6% 
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The reflectance performance of the ARC2 did not change after the completion of the 
most severe solubility test as shown in Figure 4.45.  
 
 
 
4.4.5 UV Exposure  
PV modules are designed to be exposed to sun light for long durations. Therefore, the 
AR coatings used on PV modules should be UV resistant.  The ARC1 and ARC2 
coatings were exposed to UV light to determine if the coating material or chemical 
bonds are vulnerable to UV light.  
Table 4.11-WAR measurement results of ARC2 sample after 1, 2, 5 and 
10 cycles of 2 minutes in boiling DI water, followed by 1 minute in room 
temperature DI water 
 WAR - ARC2 Sample 
Initial 4.6% 
1 cycle 4.6% 
2 cycles 4.6% 
5 cycles 4.6% 
10 cycles 4.6% 
 
Figure 4.45-The reflectance of ARC2 sample over 300 nm to 800 nm after 0, 1, 
2, 5, and 10 cycles of 2 minutes in boiling DI, followed by 1 minute in room 
temperature DI water 
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4.4.5.1 ARC1 
ARC1 coating was exposed to UV light for a total of 500 hours which corresponds to 
~20 kWh/m2 of UV in accordance with IEC 61215-2:2016. Figure 4.46 shows the 
reflectance measurement of the coating after 50, 100, 250 and 500 hours of UV 
exposure. 
 
 
 
The results confirmed that reflectance performance of the ARC1 was not degraded with 
UV exposure. Furthermore, the reflectance over 300 nm to 800 nm was slightly 
improved after the exposure due to the heat treatment of the surface. 
 
4.4.5.2 ARC2 
The ARC2 coating was exposed to UV light under the same conditions as ARC1. 
Figure 4.47 and Figure 4.48 show the transmittance and reflectance measurements of 
ARC2 during the UV exposure.  
The transmittance and reflectance measurements show that ARC2 is durable against 
UV light exposure. A slight improvement in the reflectance, similar to the one observed 
in ARC1 performance, was also observed after 50 hours of exposure and the reflectance 
performance remained at the same level after further exposure. 
 
Figure 4.46-The reflectance of ARC1 sample during UV exposure test 
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Although the optical performance of the ARC2 coating was not affected by the UV 
exposure, the SEM images shown in Figure 4.49 indicate that some structural damages 
were beginning to occur on the coating surface. The size of these defects is at the 
nanometre scale; hence the optical performance was not affected.  
 
 
 
 
Figure 4.47-The transmittance of ARC2 sample during UV exposure test 
 
Figure 4.48-The reflectance of ARC2 sample during UV exposure test 
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4.4.6 Exposure to Acid  
It is important for the AR coatings on PV modules to be resistant against acid, as acidic 
rain is common in many cities around the world. Thus, ARC1 was exposed to mixture 
of acid to assess the resistance against acid. Due to low number of samples, ARC2 
coating was not exposed to acid exposure test. 
 
4.4.6.1 ARC1 
ARC1 samples were submerged in dilute sulphuric acid with a pH of ~3.5. The type of 
acid and pH were selected in order to simulate acid rainwater [144]. The pH of the 
solution was measured using an Accumet AB150 pH meter. The WAR of the coating 
was measured after every 30 minutes of exposure. Figure 4.50 shows the WAR results 
of the samples after exposure to acid for increasing lengths of time. 
 
Figure 4.49-The SEM images of ARC2 sample show the structural damage to 
the coating on two different points after UV exposure test 
 Chapter 4: Performance and Durability of Single Layer Anti-reflective (AR) Coatings   
 
95 
 
 
 
The results indicate that exposure to acid for over 30 minutes increases the WAR of the 
ARC1 by ~1.2%. After this initial degradation, the effect of exposure to acid appears to 
have a negligible effect on the WAR of the coating. This implies that the coatings are 
vulnerable to acid attack. 
 
4.5 Discussion and Conclusion 
In this chapter, the mechanical and environmental durability of two different types of 
sol-gel derived single layer AR coatings (ARC1 and ARC2) were investigated. Both 
ARC1 and ARC2 coatings were deposited on a 3 mm glass substrate. A dip coating 
method used to deposit the ARC1, whereas the ARC2 was applied by roll coating 
method. Across the wavelength range of 350 to 850 nm, the initial WARs of ARC1 and 
ARC2 coated glass samples are measured ~2.2% and ~5.0%, respectively.  
The adhesion of the AR coatings has been tested using a series of standardised tests. 
The pull test (ISO 4624) failed to remove ARC1 coating from the substrate. The highest 
recorded pull strength that the coating survived was 4.9 MPa for the ARC1, at which 
point the substrate damaged. Although the pull test result of the coating shows that the 
substrate was damaged without affecting the ARC1 coating, the quantified result would 
be very useful, in case of a failure for adhesion analysis of AR coatings. If a pull test 
 
Figure 4.50-The WAR of ARC1 samples after exposure to dilute sulfuric acid, 
simulating the effect of acid rain for 0, 30, 60, 90, and 120 mins 
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does not give useful information about the coatings, then the tape adhesion and/or 
cross-hatch test can be applied to provide a qualitative result. The tape adhesion test is a 
simple and useful test to assess the adhesion of a coating. Both AR coatings performed 
well, and no visual degradation observed after the tape adhesion test. The cross-hatch 
test, which typically requires a 4-bladed steel knife to scratch the samples, is also a 
useful test to determine the adhesion quality of the coatings. No delamination from the 
application and removal of tape was observed in both coatings. In addition to these 
standard test methods, a micro-indentation scratch test was carried out on ARC1 
coating. The micro-indentation scratch test showed that the ARC1 was penetrated and 
deformed by the scratch test at 20 to 40mN. The results prove that the micro-indenter 
scratch test provides a useful quantitative data for hardness and qualitative data for 
adhesion of the AR coatings. 
The abrasion resistance test results show that the tested AR coatings are relatively 
easily damaged, especially under CS10 abrader [145], and this damage affects the 
optical performance. However, as seen in the example of ARC2-V2, the coatings can be 
modified to be resilient against abrasion. Soiling is a serious issue for solar modules, 
and thus, the coatings were exposed to regular cleaning cycles. These tests indicate that 
great care must be taken over the type of cleaning materials and methods involved to 
avoid continuous damage to the coatings. 
Sand impact test plays an important role to evaluate the coating durability in arid 
climates where sand and dust storms exist. The durability of the coatings against sand 
exposure is vital to achieve a good AR coating performance over time. The results show 
that both AR coatings were affected by the sand impact test. The porosity of ARC1 and 
nanoscale structure of ARC2 could be the reason for vulnerability to the sand impact 
test. However, adopting this test from a different field might require more experiments 
to fairly assess the durability of the coatings. 
Solubility test results confirm the importance of exposure to water solubility tests to 
simulate the degradation mechanisms of AR coatings for rainy climates. Immersion of 
the ARC1 coating in to DI water caused changes to the reflectivity, caused by a change 
in the refractive index which is possibly originated by water ingress into coating 
cavities [146][122]. However, the ARC2 coating showed an exceptional performance 
against both water solubility and damp heat tests. The structure of the AR coatings is a 
key for water ingress-related degradations [119], [147]. The performance degradation of 
ARC1 observed in the damp heat test may be caused by the same mechanism as 
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occurred in the solubility test. This is a concerning degradation for ARC1 because the 
damp heat test aims to simulate the failure mechanism that is frequently observed in hot 
and humid climates. The sensitivity of this type of coating to humidity has been 
reported in actual module field testing in humid conditions.  
The results collected from the humidity-freeze test showed that both types of AR 
coating degrade when exposed to sub-zero temperatures after exposure to a hot and 
humid environment. ARC1 showed significant reflectance degradation in absolute 
terms possibly due to the same degradation mechanism as in the damp heat exposure 
with an additional freezing step. ARC2 also showed slight degradation in reflectance. 
However, degradation could be due to the coating surface imperfections as a result of 
roll coating method. 
The sensitivity of the ARC1 observed towards acid attack test would accentuate the 
degradation in polluted environments. The ARC2 coating samples were not exposed to 
acid exposure test due to insufficient number of samples. 
The adhesion and durability are the main concerns for single layer AR coatings on PV 
module glasses. PV modules are installed with a 25-year warranty even in countries 
with harsh climates. Not only is the coating expected to withstand humidity and high 
temperatures and temperature cycling, it may also endure dilute acid attack from 
atmospheric pollution. Furthermore, the coating must have sufficient scratch and 
abrasion resistance to withstand regular cleaning and maintenance. 
The effects of each environmental stress on the two different types of coating suggest 
that these procedures can be used for performance and durability analysis of AR 
coatings. The thermal cycling and UV exposure test results showed that ARC1 and 
ARC2 coatings did not degrade under these stresses, possibly due to the improved 
structure and chemistry of the coatings [120]. Although, the reflectance actually 
improved, the changes induced in the coating microstructure are likely to affect the 
mechanical durability of the coatings. These procedures can be used sequentially, in 
sets of the two or three, such as temperature cycling followed by abrasion resistance test 
[148].  This methodology may produce a realistic degradation mechanism. 
  
5 Performance and Durability of Multi-
layer Anti-reflective (MAR) Coatings  
 
5.1 Introduction 
Anti-reflective (AR) coatings are applied to photovoltaic (PV) devices to reduce 
reflection from the air–glass interface. Commercial coatings for solar modules must be 
durable on a time-scale comparable to the industry standard for solar modules, which 
are normally provided with a 25-year warranty. Any solar cell technology must undergo 
rigorous testing to ensure that solar modules can endure decades of outdoor exposure. 
AR coatings used on solar modules glass must have equivalent durability. 
In this chapter, we investigate the design, deposition, and testing of a multilayer 
broadband antireflection coating for PV front glass. These coatings reduce the weighted 
average reflection over the wavelength range used by thin film CdTe devices to just 
~1.22% [132], resulting in a 3.6% relative increase in device efficiency. A multilayer 
stack consisting of silica and zirconia layers, deposited using a reactive magnetron 
sputtering process, was exposed to various environmental and mechanical stresses.  
A comprehensive set of accelerated environmental durability tests has been carried out 
in accordance with IEC 61215 PV qualification tests. The durability tests confirmed no 
damage to the coatings or performance drop as a result of accelerated environmental 
stresses including exposure to high temperatures up to ~550°C. The coatings also 
performed well against acid attack test. All attempts to perform pull tests resulted in 
either adhesive or substrate failure, with no damage to the coating itself. Scratch 
resistance, abrasion resistance, and adhesion have also been tested. The optical 
performance of the coatings was monitored during these tests, and the coatings were 
visually inspected for any signs of mechanical failure. These tests ensure that 
broadband anti-reflection coatings are highly durable and will maintain their 
performance over the life-time of a PV module.  
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5.2 Multi-layer AR (MAR) Coatings 
PV modules experience reflection losses due to the difference between the refractive 
index of the glass superstrate and the air. The reflection losses can be reduced through 
application of an AR coating. The deposition of a single layer coating with a low 
refractive index is one of the easiest ways, but these are only effective over a narrow 
range of wavelengths (see Chapter 4). MAR coatings have a more complex design but 
are effective over a broader wavelength range. The design of the MAR coating used in 
this work is based on high/low refractive index material pairs and does not require a 
material with a refractive index lower than glass. The low index material used is almost 
always thin film silicon dioxide (SiO2) with a refractive index of ~1.46 at 550 nm. A 
wide choice of materials is available for the high index material as listed in Table 5.1 
together with their refractive indices [149]–[153].  
 
 
 
The choice of high index material depends on the application, but is often a 
compromise between the optical properties, durability, and cost.  Most commonly used 
high refractive index material is titanium dioxide (TiO2) together with SiO2 to form a 
multilayer AR stack on glass substrates [154]. MAR coatings avoid the mechanical 
issues that arise from reducing the packing density of a material by not requiring 
materials of a very low refractive index. MAR coatings manipulate the reflections from 
different layers within the coating to create destructive reflective interference, thereby 
increasing the transmittance of light into the cell. MAR coatings are versatile and can 
be optimised to be effective over specific wavelength ranges. Consequently, MAR 
coatings of varying designs have been optimised for use on thin-film CdTe solar cells 
Table 5.1-Refractive indices of different materials 
Material Refractive Index (n) at 550 nm 
Silicon dioxide – SiO2 1.46 
Zirconium dioxide – ZrO2 2.19 
Titanium dioxide-anatese – TiO2-a 2.49 
Titanium dioxide-rutile – TiO2-r 2.61 
Hafnium-oxide – HfO2 1.93 
Tantalum pentoxide – Ta2O5 2.15 
Niobium pentoxide – Nb2O5 2.32 
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[48],  perovskite [132], amorphous silicon [132], crystalline silicon [155], and copper 
indium gallium di-selenide (CIGS) [156].  
The coating layer thicknesses can be optimised to reduce reflection using an optical 
modelling package that uses the transfer matrix method to calculate transmittance and 
reflectance in optical systems. The transfer matrix method has been shown to be 
accurate when modelling light through multi-layered systems with distinct boundaries 
between layers [48], [155], [156]. 
 
5.2.1 MAR coating preparation 
The MAR coatings used in this chapter were designed to reduce the light reflection and 
hence, improve the transmission of the glass into solar devices in the extended 
wavelength range utilised by thin-film CdTe devices. The design is based on thin film 
zirconium dioxide (ZrO2)/Silicon dioxide (SiO2) materials and designed specifically for 
use with thin film CdTe solar cells. For applications on solar modules, the durability is 
a key consideration. Therefore, ZrO2, which has exceptional scratch resistance and is 
relatively abundant and low-cost material, was used as a high refractive index material. 
The MAR coating requires accurate control of each layer thickness to maximise the 
destructive interference and minimise the overall reflection. The layers of MAR coating 
were designed to minimise average reflection over the specific spectral range 
corresponding to the PV absorber band gap. In the case of a CdTe absorber, the band 
gap is ~1.45 eV, which corresponds to a wavelength of ~855 nm, but CdTe begins to 
absorb light less efficiently as it approaches this limit. As glass begins to absorb at 350 
nm, this means that the wavelength range used by CdTe devices is between 350 and 850 
nm.  
MAR coatings vary in the number of layers used. Double and triple-layer designs are 
commonly used for multilayer AR coatings. The addition of extra layers when 
designing MAR coatings results in lower reflection, but in terms of reflection reduction, 
the difference between a six layer and a four-layer design is much less than the 
difference between a four-layer and a two-layer design. Evaluating the benefits of 
greater reduction in reflection against the greater material costs and increased coating 
complexity, a four-layer design was considered optimum for the 350–850 nm 
wavelength range. Figure 5.1 shows the detailed structure of the MAR coating designed 
in this study. 
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The total designed thickness of MAR coating is calculated ~277 nm and the actual 
coating thickness is measured ~282 nm. The thickness of each layer in the four-layer 
design was optimised using optical modelling software ‘Essential Macleod’ [29] to 
lower the weighted average reflection (WAR) from the glass-air interface for CdTe 
devices. A WAR is the weighted average of reflection of all solar photons across the 
wavelength range of interest. To accurately calculate the WAR on bare and MAR 
coated glass, the relative flux of photons in the solar spectrum at each point and the 
appropriate weightings in the wavelength of 350 nm to 850 nm range must be taken into 
consideration [132]. The WAR is described by Equation 5.1, which shows the product 
of the AM1.5G solar spectrum (Φ) and the reflectance (R), integrated over the defined 
wavelength range (λ). 
 
ܹܣܴ	ሺߣ௠௔௫, ߣ௠௜௡ሻ ൌ ׬ ః∙ோோ
ఒ೘ೌೣ
ఒ೘೔೙ ݀ߣ    Equation 5.1 
 
Samples for transmission electron microscopy (TEM) were prepared by focused ion 
beam (FIB) milling using a dual beam FEI Nova 600 Nanolab. An electron beam 
evaporated platinum (e-Pt) over-layer was deposited followed by an ion-assisted layer 
to define the surface and homogenise the final thinning of the samples down to ~100 
nm. The TEM analysis was carried out using a Tecnai F20, operating at 200 kV to 
investigate the detailed microstructures of the MAR coating cross sections. Bright field 
STEM images were obtained, revealing the thickness of layers, uniformity, and 
microstructure. 
  
Figure 5.1-A schematic diagram of the MAR coating designed on a CdTe device 
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Figure 5.2 shows a STEM image of a cross-section of the MAR coating produced by 
TEM. The image shows that the coating is dense and uniformly covers the surface. No 
voids or pinholes were observed. Voids would degrade the optical performance by 
affecting the refractive index. Film density is also critical for achieving the coating 
durability required for the PV application. The presence of voids or pinholes provides 
access for water ingress and leads to degradation. The excellent coating uniformity 
observed is crucial for achieving and maintaining AR performance across the large area 
of PV modules. The SiO2 appears amorphous while the structure of the ZrO2 is 
columnar and typical for a sputtered thin film. 
 
 
 
5.2.2 Performance of designed MAR coating 
5.2.2.1 Increase in Optical Performance  
The reflection from the uncoated and the MAR coated soda-lime glass surfaces were 
measured using a spectrophotometer as shown in Figure 5.3. The application of the 
MAR coating reduces the WAR of soda lime glass by 2.9% in absolute terms, 
corresponding to a relative reduction in reflection of 69% [132]. 
 
  
Figure 5.2-STEM image of a cross-section of the MAR coating deposited using 
reactive sputtering 
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5.2.2.2 Increase in photocurrent and efficiency 
MAR coatings were deposited on the glass superstrate of thin film CdTe devices to 
confirm that the cell performance improvement corresponds to the optical modelling. 
The thin film CdTe devices used in this study were fabricated at Colorado State 
University using their advanced research deposition system [157]. 
Figure 5.4 shows the J-V characteristics of a thin film CdTe cell before and after 
application of the MAR coating which results in greater cell efficiency due to reduced 
reflectance and increased transmittance at the glass surface. 
 
 
  
Figure 5.3-Measured reflectance of uncoated and MAR coated soda-lime glass 
  
Figure 5.4-J-V characteristics of a CdTe solar cell at full sun illumination 
before and after application of a MAR coating 
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5.2.2.3 Performance with angle of incidence  
The angle at which light enters a solar cell will vary depending on the position of the 
sun. As a result of the sun’s changing position in the sky and diffuse conditions, such as 
those occurring in cloudy weather, the MAR coating must be functional over a broad 
range of angles of incidence. The MAR coating reduces reflection at all angles of 
incidence and is therefore effective in both direct and in diffuse illumination. The effect 
of angle of incidence on WAR measurement for the MAR coating design are presented 
is shown in Figure 5.5. 
 
 
 
5.3 Results of Mechanical Stress Tests 
5.3.1 Adhesion 
Adhesion is an important factor for coatings on thin-film PV modules. Clearly, high 
adhesion results in a coating with greater durability as it is harder to remove the coating 
from the glass. Adhesion of the MAR coatings was measured using the pull test and the 
cross-hatch test. The samples were deposited on 1 mm thick soda-lime glass. 
 
  
Figure 5.5-WAR modeled for the MAR coating design and compared with 
uncoated glass for a range of angles of incidence 
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5.3.1.1 Pull Test  
Adhesion performance of the MAR coating was measured using a Positest Adhesion 
tester in accordance with standards ISO 4624 [109] and ASTM D4541 [108]. Applying 
the pull test to the MAR surfaces failed to delaminate the coating. All experiments 
resulted in the glass substrate failing before the MAR coating delaminated, destroying 
the sample. Figure 5.6 shows the result of a test conducted with the highest recorded 
pull force of 0.98 MPa. This demonstrates that the MAR coatings has excellent 
adhesion to the substrate. However, applying the pull test to thicker, and therefore, 
stronger MAR-coated glass, could reveal the true failure point of the coating.  
 
 
 
5.3.1.2 Cross-hatch Test  
The standard test is to create a cross-hatch pattern as described in Chapter 3 by 
scratching the coating using a round, six-bladed, steel cutting knife. However, the 
coating was too hard to be scratched by this standard knife, and thus, a diamond scribe 
was used to scratch the samples instead.  
A semi-transparent pressure sensitive tape (manufactured by q-connect) was then 
applied to the cross-hatched area and removed at a 90⁰ angle from the surface of the 
coating, as quickly as possible. The coating was then assessed in accordance with ISO 
9211-4. The coating was given a rating between 0 and 5, based on observed 
delamination after the application and removal of tape. 
 
  
Figure 5.6-a) Base of a dolly with glass adhered to the surface, indicating no 
coating delamination b) A fractured sample of MAR on glass after a pull test 
a) b) 
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As demonstrated in Figure 5.7, the MAR coating showed very little damage after the 
application of tape that is less than 5% of the total area was delaminated. However, 
some flaking can be observed at scratch intersections, and this is caused by the diamond 
scribing and not by the tape; thus, the coating has an adhesion rating nearing 0. This 
confirms that the MAR coating has excellent adhesion on glass. 
 
5.3.2 Abrasion Resistance Test  
The abrasion resistance of MAR coatings was measured using a reciprocating abrader 
adapted from BS EN 1096-2 to simulate the effect of transport, handling, maintenance, 
cleaning, and falling debris in certain environments. Materials such as cheesecloth and 
felt pads are used as abraders in industrial standards for optical coatings to simulate the 
effect of cleaning. A felt pad abrasion test from BS EN 1096-2 (which uses a slow 
turning circular abrader) was adapted into a linear abrasion test. In the adapted test, a 
felt abrader with a surface area of ~78.5 mm2 was applied to the surface of the MAR 
with a force of 10 N and passed across the surface 100 times, with a stroke length of 30 
mm and a speed of 60 cycles per minute. The felt pad test caused no visible damage on 
the MAR samples. The WAR showed only 0.1% difference before and after the felt pad 
abrasion. Figure 5.8 shows the reflectance measurement of the MAR coated TEC10 
glass before and after the felt pad abrasion. 
 
  
Figure 5.7-Cross-hatch test on MAR coating a) before and b) after the 
application of tape 
a) b) 
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A CS10 abrader [105], a rubbery material with sand like grains within it, which 
produces a mild to medium abrasion, was used to further test the durability of MAR 
coatings. The abrader was pressed to the surface of the MAR coated glass with a force 
of 5 and 10 N. The abrader was then repeatedly passed over the sample surface at 60 
cycles per minute with a stroke length of 30 mm. After 100 cycles at each force, the 
coatings were cleaned in an ultrasonic bath, and the WAR calculated using the 
reflectance measurement of the coating. 
After the CS10 abrader was applied to the surface of the MAR coating, the WAR was 
slightly reduced, by 0.2% and 0.4% for 5 and 10 N, respectively. Figure 5.9 shows the 
reflectance measurement of the MAR coated TEC10 glass. The reduction in WAR is 
due to minor damage to the MAR coating. CS-10 abrasion is an aggressive test for 
optical coatings and the coating sustained only minor scratches. This demonstrated that 
the coatings can pass all industrial abrasion resistance standards for optical coatings and 
confirm the excellent durability of the MAR coatings. The optical microscope images 
of the MAR coating after the felt pad and CS10 abrasion resistance test are shown in 
Figure 5.10. 
 
  
Figure 5.8-Reflectance measurement of MAR coated TEC10 glass before and 
after felt pad abrasion under 10 N load 
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5.3.3 Scratch Resistance Test  
The scratch-resistance of the MAR coating was measured using nano-indentation, with 
a nano-scratch test. The nano-scratch test is used to measure hardness using a diamond 
nano-indenter which is pressed into the surface of the sample at an increasing load. The 
surface of the sample then moves relative to the nano-indenter, scratching the surface. 
Recording the force at which the coating is penetrated, deforms elastically and 
inelastically, and begins to flake, provides a quantitative measurement indicative of the 
  
Figure 5.9-Reflectance measurement of MAR coated TEC10 glass before and 
after CS10 abrasion under 5 and 10 N load 
  
Figure 5.10-Optical microscope image of MAR coating after Abrasion 
Resistance Test a) no significant change with felt pad b) light scratches evident 
causing slight performance degradation with CS10 
b) a) 
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scratch-resistance of a coating. Additionally, images of the scratches provide a 
qualitative understanding of the extent of the damage. The size of the flakes from the 
coating, and the size and number of fractures caused by the scratches can be observed. 
A round end cone nano-indenter with a tip radius of 5 μm was used. Initially, the nano-
indenter was held at a force of 0.1 mN at the surface of the MAR coating. The load was 
then increased at a rate of 1 mN per 1 μm as the nano-indenter travelled across the 
surface of the sample. The nano-indenter travelled 400 μm and applied a maximum 
force of 400 mN over the 5 μm nano-indenter tip, at ~5 kPa pressure. 
An image of the resulting scratch from the nano-scratch test is shown in Figure 5.11. 
The image shows that debris begins to appear next to the scratch around ~120-140 mN, 
at which partial delamination of the sample begins to occur. This point on the scratch is 
indicated in Figure 5.11 with a label reading ‘Delamination initiates’. It is probable that 
the top layers of the coating fail, and the debris observed is likely to be from the top 
layers of the coating. At ~200-220 mN, it appears that the debris from the coating is 
much larger and displays interference effects, which indicates that the coating has 
begun to delaminate as a whole rather than in layers. In Figure 5.11, this point is 
indicated by the label reading ‘Total delamination occurs’. There are no cracks 
protruding from the scratch and the flake size is very small. This confirms the coating is 
very hard and structurally sound. 
 
 
  
The dependence of the penetration depth on applied load is shown in Figure 5.12. 
Throughout the scratch process, the relationship between applied load and scratch depth 
remains linear, except for a few slight variations at the coating failure. This indicates 
that the resistance to deformation of the coating is similar to the glass substrate. 
  
Figure 5.11-Scratches produced by nano-indenter on the surface of an MAR 
sample 
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5.4 Results of Environmental Stress Tests 
5.4.1 High Temperature Resistance 
It is likely that module manufacturers would prefer to source glass with the MAR 
coating already applied. This would provide the benefit of improved module efficiency 
without the need to include another process step or incur its associated capital 
expenditure. Glass companies are familiar with magnetron sputtering processes and 
there should be no technical barrier for coating glass directly from a float line. However, 
this strategy is only feasible if the precoated MAR coating on glass can withstand the 
subsequent high PV manufacturing process temperatures. MAR coated glass samples 
were heated to increasingly high temperatures to test the heat resistance of the coatings. 
Coatings on soda lime glass were heat treated at 100°C intervals between 100 and 
600°C, at temperatures higher than this a low expansion coefficient Eagle Glass ® was 
used. 
The first signs of damage began to appear at 590°C as small fissures became visible on 
the surface of the samples. The coatings had crazed uniformly at 600°C. Figure 5.13a) 
shows an optical image of a MAR coated sample which is undamaged after heat 
treatment at 580°C, and Figure 5.13b) shows the coating has begun to craze uniformly 
at 600°C. 
  
Figure 5.12-Plot of load applied to the nano-indenter against depth penetrated 
into the surface of the sample 
Penetration 
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The soda lime glass substrate had begun to warp in samples exposed to temperatures 
greater than 550°C. Crazing is partly caused, by mechanical stress from the warping 
glass substrate. To test the effect of the substrate on the crazing temperature of the 
coatings, samples on high temperature Eagle glass® were prepared and heat treated at 
100°C intervals. The samples on Eagle glass survived up to temperatures of 800°C, as 
shown in Figure 5.14. 
 
 
 
  
Figure 5.13-Optical microscope images of an MAR sample exposed to a) 580ºC 
for 30 minutes, showing no visible crazing b) exposed to 600ºC for 30 minutes, 
revealing the occurrence of mild crazing 
 
Figure 5.14 -Optical microscope images of MAR sample deposited on high 
temperature Eagle glass® exposed to 800ºC for 30 minutes, revealing mild 
crazing 
a) b) 
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5.4.2 Resistance to High Temperature and Humidity 
A damp heat (DH) test was performed, in accordance with the IEC 61215 standard. The 
three samples were stressed in a Sanyo Gallenkamp HCC065 environmental chamber at 
85ºC and 85% relative humidity (RH) for a total of 1000 hour. Prior to the test, the 
samples were visually inspected, and reflectance measurements were taken. The 
samples were then taken from the chamber for testing at 20, 85, 160, 250, 325, 420, 500 
and 1000 hours. Figure 5.15 shows the calculated WAR of the samples after each 
intermediate measurement up to 1000 hours.  
 
 
 
The WAR remained relatively constant after 1000 hours of exposure at 85ºC/85% RH. 
The results show that humidity has a little effect on the MAR coating stability and is 
unlikely to cause any delamination or other damage in the field. 
 
5.4.3 Stability against Thermal Cycling 
The thermal cycling test was performed on MAR coatings at -40ºC to 85ºC in a 
Vötschtechnik VCS 7430-4H climatic chamber, with a minimum dwell time of 10 
minutes at each extreme temperature, in accordance with the IEC 61215. The WAR of 
 
Figure 5.15-Measured WAR of MAR samples after exposure to 85% RH at a 
temperature of 85ºC, for up to 1000 hours 
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the samples was then measured after 0, 50, 100, 150, and 200 cycles. Figure 5.16 shows 
the WAR measured on three samples during the thermal cycling test.  
 
 
 
No coating degradation was observed after exposure to the thermal cycling test. This 
indicates that the MAR coating has great durability performance against harsh 
temperature changes in real life when used on PV modules. 
 
5.4.4 Solubility Test 
MAR coatings must be resistant to prolonged exposure to water to ensure stable 
performance. MAR coated glass surfaces were exposed to different tests to measure the 
coatings resistance against water, according to the ISO 9211-4:2012. The standard test 
uses conditions of increasing severity. The tests were carried out using a DI water that 
has 18 MΩ-cm resistivity. An MAR coating was exposed to the least aggressive test by 
immersion to DI water at room temperature for 6, 24 and 96 hours. Figure 5.17a) shows 
the WAR during the exposure. No visual or performance degradation in WAR was 
observed after the exposure; hence the severity level is increased, and a sample was 
exposed to boiling DI water for 5, 15 and 30 minutes. The sample showed no sign of 
visual degradation and WAR was not changed as shown in Figure 5.17b).  
 
Figure 5.16-The measured WAR of MAR coatings cycled 200 times between -
40ºC and 85ºC in a climatic chamber 
 Chapter 5: Performance and Durability of Multi-layer Anti-reflective (MAR) Coatings  
 
114 
 
 
 
The highest severity test involved immersion of the sample in the boiling DI water for 2 
minutes followed by immersion to room temperature DI water for 1 minute. This 
constituted a single test cycle as described in Chapter 3. An MAR sample was exposed 
to a total of 10 cycles, after no degradation was observed in boiling DI water immersion 
tests. The WAR was measured after 1, 2, 5 and 10 cycles. No changes were observed 
visually after each cycle. The WAR measurements are shown in Figure 5.17c).  
 
5.4.5 Acid Attack Test  
To test the acid resistance of the MAR coating, two samples were submerged in dilute 
sulphuric acid [112] with pH of ~3.5. The type of acid and pH were selected to simulate 
acid rain water [110]. The pH was measured using an Accumet AB150 pH meter. The 
WAR of the coating was measured after every 30 minutes of exposure. Figure 5.18 
shows the effect of exposure to sulphuric acid on the WAR of the samples. The WAR 
  
 
Figure 5.17-The WAR of MAR samples after solubility tests a) after DI water 
immersion at RT b) boiling DI water immersion c) cycling between boiling DI 
water and room temperature DI water 
a) b) 
c) 
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of the coatings was not reduced after acid attack and demonstrated that the coating is 
resistant to acid rain. 
 
 
 
5.5 Discussion and Conclusion 
Solar PV modules are installed with a typical 25-year warranty. It is important that the 
adhesion and durability of a coating applied to PV cover glass is consistent with the 
warranty offered with solar modules. The coating is expected to withstand humidity, 
temperature cycles, and acid rain. The coating must also be mechanically durable in 
terms of scratch and abrasion resistance to prevent damage during cleaning and 
maintenance.  
The increase in transmission using a four-layer MAR coating has been shown to 
increase the light intensity through the air-glass interface, resulting in an efficiency 
increase of 3.6% relative. The MAR coating used in this study reduced the WAR at the 
air-glass interface to just 1.22% across the 350–850 nm wavelength range, and 
increased the short circuit current density of CdTe cells by 3.1%. STEM imaging of a 
cross section of the coating confirms that techniques, such as reactive magnetron 
sputtering, provide sufficient practical control of layer thickness to achieve the anti-
reflection effect predicted by the design. Coating uniformity is also excellent and easily 
achievable over typical module areas >1 m2. 
 
Figure 5.18-The WAR of MAR samples after exposure to sulphuric acid 
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The adhesion of the MAR coatings has been tested using a series of standardised tests. 
The pull test (ISO 4624) failed to remove the coating from the substrate, and the highest 
recorded pull strength that the coating survived at was 0.98 MPa. This force failed to 
delaminate the coating, but damaged the glass substrate. The cross-hatch test (ISO 
9211-4) usually uses a four-bladed steel knife to scratch the samples, but had to be 
adapted to use a diamond tool to scratch the grid pattern into the coating. Very little 
delamination from the application and removal of tape was observed. In addition to 
these standard test methods, a nano-indentation scratch test was carried out on the MAR 
coatings. The nano-indentation scratch test shows that the coating has similar hardness 
to the glass substrate. The test also confirms the exceptional adhesion to the glass 
surface. 
It may be cost-effective for MAR coatings used on solar modules to be readily available 
on pre-coated glass to PV manufacturers. This would be ideal for cover glass 
applications for crystalline silicon, thin film amorphous silicon, CIGS, CZTS, or 
superstrate perovskite devices. However, for this to be feasible for thin film CdTe 
devices using the conventional superstrate configuration, the coatings must be resistant 
to the temperature levels used at every stage of the thin film CdTe PV manufacturing 
process. This work has shown that the magnetron sputtered coatings are heat resistant 
and begin to craze at temperatures greater than those used in the CdTe absorber 
deposition and activation processes (~500°C). The first signs of crazing of MAR 
samples on soda lime glass were observed at 590°C, as the glass substrate began to 
deform beneath the coating, applying mechanical stress. Applying the coating to Eagle 
glass (which has a lower coefficient of thermal expansion) confirms that the coating 
crazes once the underlying glass deforms at 800°C. The WAR of the MAR coated 
surfaces was unaffected by heat treatment, even after crazing. The resistance of the 
MAR coatings to extreme heat makes its application attractive for all PV technologies.   
Temperature and humidity, thermal cycling, and acid attack tests resulted in no 
degradation of the MAR coating quality. This confirms that MAR coatings are suitable 
for use in any climate, tropical or otherwise, and are suitable even for use in areas of 
high ambient pollution.  
The mechanical and environmental stress tests presented in this chapter demonstrate the 
remarkable robustness of MAR coatings. The 3.6% increase in relative conversion 
efficiency, available by using pre-coated glass superstrates, is also attractive. Its use 
would add a further ~100 MW of capacity to the current ~3 GW of thin film CdTe 
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production without any physical modification to the manufacturing line. It would also 
have no effect on the manufacturing time. 
The cost of MAR coatings on cover glass or superstrate glass configurations could be 
reduced dramatically at high volumes. Although we have used planar magnetrons, it is 
feasible to use sputtering sources such as rotatable magnetrons with higher target 
utilisation and deposition rates. These are the standard industrial glass coaters in large 
scale [158]. 
The dielectric metal-oxide multilayers used in MAR coatings have remarkable 
durability, adhesion, and resistance to environmental factors. Not only do they increase 
the power output of solar modules, their mechanical properties are consistent with a 
long warranty, even when exposed to regular cleaning cycles and maintenance. 
 
 
 
 
  
6 Performance and Durability of Anti-
soiling Hydrophobic Coatings for PV 
Cover Glass 
 
6.1 Introduction 
Improving the durability and reliability of PV modules is currently regarded as an 
important research issue. In addition, the reduction in power output due to 
environmental factors during operation is also recognised as a major challenge for the 
solar industry. Performance losses occur due to the soiling of the cover glass on 
modules which attenuates the light into the solar absorber reducing the power output of 
PV arrays, with a decrease in the range of 15-30% reported for moderate dust 
accumulation [65]. Various techniques can be used to reduce soiling. Using water for 
cleaning will work but in areas such as deserts, sourcing water is difficult and expensive. 
Robotic cleaning methods may damage the glass and, in most cases, will require water-
based cleaning solutions.  
Anti-soiling coatings are being developed to reduce soiling, or at least, to make PV 
modules easier to clean. These coatings can be either hydrophilic or hydrophobic. 
Hydrophilic coatings have a high surface energy and provide a cleaning action by 
spreading the water across the surface. These ‘self-cleaning’ coatings are claimed to 
provide ‘active’ cleaning and are assisted by a photoactive TiO2 layer, which breaks 
down organic chains, making the surface easier to wash.  
The use of hydrophobic coatings also reduces soiling. They decrease the surface energy, 
and thus, minimise the adhesion of soiling [159]. These coatings can help reducing the 
frequency of maintenance and retain consistent electrical power output.  
In this chapter, test methods, identified and discussed in Chapter 3, have been applied to 
two different types of anti-soiling hydrophobic coatings to assess their performance and 
durability. The results presented here were obtained from a commercially available anti-
soiling hydrophobic coating used in PV application and a hydrophobic coating under 
development for specific application to solar PV cover glass.  
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6.2 The Soiling Problem and Anti-Soiling Coatings 
Solar photovoltaic (PV) modules need to be highly efficient and reliable to compete 
with conventional energy sources. Currently they are produced with a manufacturer’s 
warranty period of 25 years [160]. It is crucial to maintain the maximum performance 
throughout their life-time.  
Soiling on PV cover glass is a significant problem that affects performance and requires 
costly maintenance. Dust and grime accumulation is a complex phenomenon and is 
influenced by diverse site-specific environmental and weather conditions. 
Accumulation of debris such as dust, sand, bird-droppings and water-stains (salts) cause 
a reduction of the incident solar irradiance to the PV absorber and degrade the overall 
power output of the module [161]. The presence of soiling causes a reduction in 
transmitted light into the module. It also leads to inhomogeneous shading with an 
increased possibility of triggering hot spots [61]. It causes a reduction in the power 
output, thus, increasing the cost of energy production. The solar industry schedules 
periodic cleaning of the PV arrays in solar farms to prevent the build-up of soiling on 
the module cover glass. However, the ongoing cost of maintenance is an additional 
financial burden for the operator. 
The surface of the PV cover glass can be coated with a thin layer that acts as an anti-
soiling coating. This layer can either be hydrophilic [16], that has high surface energy 
which attracts sufficient water to clean the surface or hydrophobic that has low surface 
energy which repels the water and washes the soiling away. These coatings reduce 
soiling and minimise the frequency of the cleaning task. The coating must be 
transparent, otherwise it would cause optical losses. 
 
6.2.1 Hydrophilic Coatings 
Hydrophilic coatings increase the surface energy and lower the water contact angle 
(WCA). With a sufficient supply of water, the coating is expected to wash away the 
dust, dirt and grime. SiO2 and TiO2 are the materials that are usually used for 
hydrophilic coatings to offer a catalytic effect on the coating surface which helps to 
decompose the organic soiling by UV light radiation [162]. However, hydrophilic anti-
soiling coatings often have a problem with their efficacy [163] that does not justify the 
application cost due to the low useful life-time of the coatings. The use of TiO2 powder 
is costly when obtained in a nano-powder form. The presence of TiO2 in hydrophilic 
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coatings also causes an increase in the reflectance of the PV cover glass [164]. Using 
SiO2 provides good light transmission due to its low refractive index [164], but the 
comparatively poor durability of the coating is an issue due to the air pockets used 
within the coating.  
 
6.2.2 Hydrophobic Coatings  
The term ‘hydrophobic’ means water repellent and it generally refers to surfaces with a 
high water contact angle (>90°). Hydrophobic coatings are based on the ‘Lotus Effect’ 
[165], which refers to the water repellent and self-cleaning properties of the lotus leaf. 
Since the effects of soiling, such as fouling and dust accumulation, are a major concern 
for the performance of PV modules, hydrophobic coatings on PV cover glass are 
potentially important due to their non-wetting behaviour which helps to avoid soiling on 
PV modules and increase performance. As in the example of Lotus plant [166], the idea 
is to coat the PV module surface with a water repellent layer. The soiling is then 
removed from the PV cover glass surface by the actions of wind and/or rain water 
because adhesion forces are low due to the low surface energy of the coating. 
A drop of liquid on a solid surface has a contact angle which is determined by Young’s 
equation [167] shown in Equation 6.1. 
 
cos ߠ ൌ ሺఊೞೡିఊೞ೗ሻఊ೗ೡ    Equation 6.1 
 
Where γsv, γsl and γlv are solid vapour, solid liquid and liquid vapour interfacial tensions, 
respectively. 
Young’s equation is only applicable to flat and smooth surfaces. The contact angle for 
rough and heterogeneous surfaces is described by Wenzel’s equation [168] given in 
Equation 6.2. 
 
cos ߠ௪ ൌ ௥ሺఊೞೡିఊೞ೗ሻఊ೗ೡ ൌ ݎ cos ߠ   Equation 6.2 
 
Where θw is the contact angle of a rough surface, θ is the contact angle on smooth 
surface and r is the roughness factor. According to the Wenzel’s equation, the wetting is 
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increased by roughness when θ is smaller than 90º, and is decreased when θ is bigger 
than 90º. 
The Cassie-Baxter equation [169] differs from Wenzel’s equation by the state of the 
water drop on the surface. The vapour fills the grooves under the water drop rather than 
liquid itself. This creates two different states, namely liquid and vapour states, between 
the water drop and the surface. The contact angle is affected by these two states as 
shown in Cassie-Baxter equation, Equation 6.3. The three wetting states are shown in 
Figure 6.1. 
 
cos ߠ௖ ൌ ଵ݂ cos ߠଵ ൅ ଶ݂ cos ߠଶ  Equation 6.3 
 
Where θc is the contact angle, f1 and f2 are the fractions of the surface for the first and 
second phases, and θ1 and θ2 are the contact angles for the first and second phases, 
respectively [170]. 
  
 
 
The most important parameter for a hydrophobic coating is the water contact angle 
(WCA), which allows us to assess the hydrophobicity of the surface. The surfaces that 
have WCA values >90º are considered to be hydrophobic and those that have a  
WCA >150º are considered superhydrophobic [125]. 
 
 
Figure 6.1-a) Young's state b) Wenzel's state c) Cassie-Baxter's state 
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The roll-off angle (RoA) is another important parameter that identifies the performance 
of hydrophobic coatings. It is the tilt angle of the coated substrate at which the water (or 
any liquid) starts rolling-off of the surface. It is also the key factor to achieve the ‘self-
cleaning’ property of a hydrophobic coating where the water droplets roll off the 
surface more easily and carry away the dust and other forms of soiling.  
 
 
 
The optical properties of the hydrophobic coatings are also important since hydrophobic 
coating is an additional layer on a cover glass surface. It may be necessary to 
compromise between the hydrophobic performance and the other properties of the 
coating [65]. Zero optical losses are a requirement for use on the cover glass for PV 
  
Figure 6.2-Water drop on a hydrophobic surface 
  
Figure 6.3-Water drop rolling-off on hydrophobic coated glass  
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applications. However, it may be possible to tune the optical properties of a thicker 
hydrophobic coating to also produce an anti-reflective effect [171]. Therefore, the 
optical parameters, such as transmittance, reflectance, distinctness of image (DOI), also 
known as scattering, and light haze can be monitored. Further analysis of DOI and haze 
showed that the coatings do not cause any additional loss due to light scattering or haze 
on a glass substrate. Therefore, transmittance and reflectance were monitored only.  
The use of hydrophobic coating on PV module glass to achieve a cleaner module 
surface and higher performance is a promising way to reduce the soiling problem. The 
cleaning action of hydrophobic coatings stems from the high WCA and low RoA. When 
water impinges on the hydrophobic surface, spherical shape droplets are formed. These 
then roll away, carrying away the dust and dirt [172], [173]. Hydrophobic coatings have 
the potential to play an important role in reducing the level of soiling by presenting a 
low surface energy for reduced adhesion. They also make cleaning and maintenance 
easier and less frequent to retain best performance [159]. 
The useful life expectancy of hydrophobic coatings is crucial to sustain performance, 
and ideally, should match the life-time of the module. The coatings should resist the 
harshest outdoor conditions. The potential of hydrophobic coatings has already been 
recognised commercially and they are beginning to be deployed in the field. However, 
the durability of the coatings is not known, and the frequency of their re-application is 
not established  
 
6.2.3 Sample Preparation for Durability Testing 
Hydrophobic coatings can be applied to substrates in many ways. The most common 
application methods at room temperature are wipe coating, spray coating and dip 
coating [170]. A hydrophobic coating (called ASC1 from now on) with six different 
variants was developed to achieve a durable and high performance anti-soiling coating 
for PV market. The variants of the coatings were named ASC1-V1, ASC1-V2, ASC1-
V3, ASC1-V4, ASC1-V5 and ASC1-V6. Some of the variants were developed to 
observe the enhanced durability for specific tests. Therefore, all variants were not 
exposed to all stresses. 
ASC1-V1 and ASC1-V2 are based on silica nanoparticles combined with commercially 
available polysilazane. Durozane 1500 and 1800 were used as binder material for V1 
and V2 respectively. ASC1-V1 and ASC1-V2 coatings were functionalised with 
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aminopropyl and vinylpropyl silane, respectively. Both coatings were applied by a wipe 
coating method with a microfiber cloth on 1 mm soda lime glass. The average thickness 
of the coatings was measured at approximately 800 nm with a Profilometer. The 
maximum and minimum thickness values were measured at 1403 nm and 369 nm, 
respectively due to the application method of the coating. An example of the profile of a 
coating is shown in Figure 6.4. 
 
 
 
The ASC1-V3, ASC1-V4 and ASC1-V5 coatings were based on 333-fluoro silane, 
HMDS silane and nanostructure silica particles. The three variants processed by 
adjusting the functionalisation and curing parameters. Figure 6.5 shows the thickness of 
ASC1-V3 measured at ~190 nm with CCI step height method [174]. 
The ASC1-V6 coating was the final version of the ASC1 coating based on polysiloxane 
matrix, with n-propyl functionalised nanoparticles. The durability has been assessed 
with a series of mechanical and environmental stresses. The coating samples were 
prepared by the dip coating method and cured at room temperature. The average 
thickness of the coating measured at ~270 nm. The SEM images in Figure 6.6 show the 
morphology of the coating. 
The variants of ASC1 coating were not designed for a specific thickness. The main 
target in the design process of each variant was to achieve a hydrophobic surface 
without a transmission loss and with better durability properties. Therefore, thickness of 
 
Figure 6.4-Thickness measurement on ASC1-V1 using profilometer 
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each variant was different due to the change in formulation and application method 
used. 
 
 
 
 
 
ASC2 is a commercially available hydrophobic coating in the PV market. It is retailed 
as an anti-soiling coating, specifically designed for application on PV module cover 
glass. The ASC2 coating is a hydrocarbon-based coating with nanoparticles, 
 
 
Figure 6.5-Thickness measurement of ASC1-V3 using CCI 
 
Figure 6.6-a) Cross-section and b) planar view SEM images of the ASC1-V6  
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functionalised with aminosilane. N-butyl acetate and isopropyl alcohol were used as 
solvents during processing of the ASC2 coating. The exact material composition and 
processing is undisclosed due to being an unpatented commercial product. The samples 
were prepared by wipe coating method with a solution volume of 15 ml/m2. The 
samples were cured at room temperature, without applying any post treatment. 
Table 6.1 shows the summary of the variants of ASC1 and ASC2 coating tested in this 
chapter. 
 
 
 
6.3 Test Results of Anti-Soiling Coating 1 (ASC1) 
6.3.1 Adhesion Test 
The tape adhesion test was used to assess the adhesion of the coating. The results 
revealed no peeling or detachment of both types of coating. No material change was 
observed in the hydrophobic and optical performance of ASC1-V1 and ASC1-V2 
coatings.  
 
Table 6.1-Summary of variants of ASC1 and ASC2 Coatings  
 Material Functionalisation Binder Curing 
ASC1-V1 Silica NP based aminopropyl silane Durazane 1500 RT 
ASC1-V2 Silica NP based vinylpropyl silane Durazane 1800 RT 
ASC1-V3 Nanostructure silica particles 333-fluoro silane Polysilazane RT 
ASC1-V4 Nanostructure silica particles HMDS silane Polysilazane RT 
ASC1-V5 Nanostructure silica particles n/a Polysilazane RT 
ASC1-V6 Polysiloxane n-propyl Polysilazane RT 
ASC2 NP based hydrocarbon aminopropyl n/a RT 
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The results before and after the tests, shown in Table 6.2 and 6.3, are consistent with 
good adhesion for both coatings. 
 
 
 
6.3.2 Abrasion Resistance Test 
The abrasion resistance test is important to assess the durability of hydrophobic 
coatings following exposure to maintenance or cleaning cycles. A CS10 grade abrasive 
material [105] was used to assess the abrasion resistance of ASC1-V1 coating. This 
provided a ‘medium to hard’ abrasion of the hydrophobic coating. Figure 6.7a) shows 
an optical microscope image of an abraded area on the coating after testing. The optical 
results are similar to those of the uncoated glass suggesting that in some cases most of 
the coating was removed during the test. 
 
Table 6.2-Tape Adhesion Test Results – ASC1-V1 
 Initial Post exposure 
WCA (º) 106.3 105.9 
Roll-off angle (º) 71.0 72.5 
R (%) at 550 nm 7.9 8.0 
T (%) at 550 nm 92.1 92.0 
Table 6.3-Tape Adhesion Test Results – ASC1-V2 
 Initial Post exposure 
WCA (º) 103.7 103.1 
Roll-off angle (º) 67.8 65.2 
R (%) at 550 nm 7.5 7.6 
T (%) at 550 nm 92.5 92.4 
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The results before and after the test are shown in Table 6.4. The WCA was reduced to 
76.5º after 100 cycles of abrasion. A significant increase was observed in the roll-off 
angle of the coating. This could be due to the increased roughness or coating removal in 
the abraded area.  
Figure 6.8 shows the reflectance measurements over the 350 to 800 nm wavelength 
range for comparison with an uncoated glass sample. As seen on the graph, the 
transmittance of the coating was reduced to the level of the uncoated glass after the 
abrasion test.  
 
 
 
Figure 6.7-a) Optical microscope image of the ASC1-V1 coating showing 
removal of the coating b) sample image after Abrasion Resistance Test 
 
Figure 6.8-Measured reflectance before and after the Abrasion Resistance Test-
ASC1-V1 
a) b) 
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The results showed that the ASC1-V1 failed to perform well under CS10 abrasion. 
Therefore, the coating was exposed to abrasion with CS8 abrasive material, which 
provides a ‘medium’ abrasion. The results in Table 6.5 show that the degradation in 
hydrophobic and optical performance after 100 abrasion cycles using CS8 and CS10 are 
same under same abrasion settings.  
 
 
 
ASC1-V2 coating was exposed to the abrasion resistance test under same conditions as 
ASC1-V1 for comparison. The WCA and RoA results of ASC1-V2, shown in Table 6.6, 
indicate a slight improvement in durability against abrasion resistance compared to the 
ASC1-V1 coating. However, the optical microscope imaging analysis of the ASC1-V2 
coating does not show a substantial difference as shown in Figure 6.9.  
 
 
 
Table 6.4-Abrasion Test Results with CS10 under 5 N load – ASC1-V1 
 Initial 100 cycles 200 cycles 
WCA (º) 104.8 76.5 70.2 
Roll-off angle (º) 44.3 70.2 89.1 
R (%) at 550 nm 7.2 8.3 8.3 
T (%) at 550 nm 92.8 91.7 91.7 
Table 6.5-Abrasion Test Results with CS8 under 5 N load – ASC1-V1 
 Initial 100 cycles 
WCA (º) 104.8 76.2 
Roll-off angle (º) 44.3 68.3 
R (%) at 550 nm 7.2 8.3 
T (%) at 550 nm 92.8 91.7 
Table 6.6-Abrasion Test Results with CS10 under 5 N load – ASC1-V2 
 Initial 100 cycles 200 cycles 
WCA (º) 106.1 88.8 89.0 
Roll-off angle (º) 33.0 43.5 52.6 
R (%) at 550 nm 7.3 8.1 8.0 
T (%) at 550 nm 92.7 91.9 92.0 
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ASC1-V2 was exposed to abrasion with CS8 abrasive material to assess the effect of 
CS8 abrasive material. Table 6.7 shows the results before and after 100 cycles of 
exposure. The WCA and RoA performances are similar to the results obtained with 
CS10 abrasion. However, the degradation in optical performance is slightly reduced 
when compared to the degradation with CS10 abrasion. The results suggest a slightly 
better durability in both optical and hydrophobic performance of ASC1-V2. 
 
 
 
After receiving the results of the ASC1-V1 and ASC1-V2 poor abrasion resistance 
performance, the ASC1-V5 coating was developed specifically to improve durability 
against mechanical stresses. The new coating was exposed to the abrasion resistance 
tests under the same conditions. The coating was exposed to CS8 abrasion and the 
WCA results shown in Table 6.8 are the average over the exposed area only. The 
maximum and minimum WCA measured after the abrasion test, were 113.3º and 95.6º, 
respectively. The optical measurements shown in Table 6.8 are the lowest values out of 
three measurements at different points.  
 
 
Figure 6.9-a) Optical microscope image showing removal of the ASC1-V2 
coating b) image of sample after Abrasion Resistance Test 
Table 6.7-Abrasion Test Results with CS8 under 5 N load – ASC1-V2 
 Initial 100 cycles 
WCA (º) 106.1 89.5 
Roll-off angle (º) 33.0 44.0 
R (%) at 550 nm 7.3 7.8 
T (%) at 550 nm 92.7 92.2 
a) b) 
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Figure 6.10 shows images of the ASC1-V5 coating samples before, after the abrasion 
resistance test and after cleaning of the sample. 
 
 
 
Figure 6.11 shows the optical microscope images of ASC1-V5 before and after the CS8 
abrasion. The images confirm the damage to the coating surface, however, areas with 
less damage or partial removal were also observed. The degradation of WCA was 
~16.1%, which is similar to the degradation of ASC1-V2 (15.7%). However, the 
surface of the coating was still hydrophobic since it had a higher initial WCA.   
Table 6.8-Abrasion Resistance Test Results with CS8 under 5 N load – 
ASC1-V5 
 Initial 100 cycles  
WCA (º) 126.1 105.8 
Roll-off angle (º) >90.0 >90.0 
R (%) at 550 nm 5.4 5.9 
T (%) at 550 nm 93.8 92.5 
 
Figure 6.10-Image of sample a) WCA measurement before the abrasion test b) 
ASC1-V5 coating after abrasion before cleaning c) WCA measurement on 
abraded area after cleaning 
a) b) c) 
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ASC1-V6 samples were exposed to 100 cycles of felt pad under 10 N, CS8 and CS10 
under 5 N load. The hydrophobic and optical performances were monitored after 10, 50 
and 100 cycles of abrasion. Table 6.9 shows the WCA and RoA measurement results 
after felt pad, CS8 and CS10 abrasion.  
 
 
 
 
Figure 6.11-Optical microscope images of ASC1-V5 a) before abrasion b) 
showing partial removal after abrasion (less damage) c) showing severe 
damage post abrasion 
Table 6.9-Abrasion Resistance Test Results – ASC1-V6  
  Initial 10 cycles  50 cycles 100 cycles 
Felt pad-10 N 
WCA (º) 106.7 95.7 88.9 87.0 
Roll-off angle (º) 39.7 45.9 57.0 52.5 
CS8-5 N 
WCA (º) 109.0 103.0 48.6 47.6 
Roll-off angle (º) 47.1 46.0 41.4 33.8 
CS10-5 N 
WCA (º) 109.0 92.3 99.2 50.8 
Roll-off angle (º) 47.1 61.2 43.1 36.2 
b) a) 
c) 
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The results show that the coating demonstrated poor abrasion resistance against each 
abrasive material. The difference between the CS8 and CS10 after 50 cycles is due to 
the material structure of CS8 and CS10. CS10 has a powder-like material structure, 
whereas CS8 is more like a rubber material. This caused the degradation difference 
after 50 cycles of abrasion. However, a further 50 cycles of abrasion showed that the 
coating did not survive against abrasion test using either abrasive material. The reason 
for the lower measured RoA than the initial value, after 100 cycles of CS8 and CS10 
abrasions is due to the hydrophilic property of the substrate after removal of the coating. 
 
 
 
Figure 6.12 shows the optical performance of the ASC1-V6 sample before and after 100 
cycles of abrasion with felt pad, CS8 and CS10. There is a slight degradation in the 
anti-reflective performance of the coating after felt pad abrasion with a little shift in the 
reflectance spectra, possibly due to the thickness difference at the measurement point. 
Significant degradation after abrasion tests with CS8 and CS10 correlates with major 
removal of the coating. The SEM images in Figure 6.13 confirm the damage and 
removal of the coating after 100 abrasion cycles. 
 
 
Figure 6.12-Reflectance measurement of ASC1-V6 before and after abrasion 
resistance test over 350 to 800 nm  
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6.3.3 Sand Impact Test (SIT) 
A sand impact test (SIT) rig was built to evaluate the degradation of the hydrophobic 
coatings with sand exposure. As described in Chapter 3, the test rig allows us to modify 
the testing process to a variety of configurations. The coatings were exposed to SIT in 2 
different scenarios. 1st setup of the SIT rig dropped 500 g of sand onto the sample 
surface in 5 seconds. In the 2nd setup, the total duration of the exposure was increased to 
90 seconds by reducing the flow of the sand. The sand was poured on to the surface 
from a height of 70 cm in both configurations.  
ASC1-V3 hydrophobic coating was exposed to the sand impact test in both the 5 and 90 
seconds configurations. The results shown in Table 6.10 correspond to the coating 
performance after sand exposure for 5 seconds exposure. The optical performance was 
measured approximately at the same point on each of the samples. The WCA results 
shown are the average of measured values over the coated area. The hydrophobic 
performance was not measured after the SIT without cleaning to avoid misleading 
results due to the retention of sand particles. The results after cleaning with compressed 
air were compared with the results after cleaning with IPA and DI water. 
 
 
Figure 6.13-SEM images of ASC1-V6 after 100 abrasion cycles with a) CS8 
and b) CS10 abrasion  
a) b) 
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The SEM images in Figure 6.14 show the effect of sand impact on the surface of the 
coating after 5 seconds exposure. Some areas were only slightly damaged, while on 
others, the coating was completely removed. The optical and hydrophobic measurement 
results confirm the areas damaged by different degrees resulted in associated different 
levels of performance degradation. The lowest transmittance and highest reflectance 
measured over the coated area were 94.4% and 5.2%, respectively. The lowest WCA 
measured after SIT after cleaning with air and with IPA/DI water were 62.5º and 70.0º, 
respectively. 
 
Table 6.10-Sand Impact Test Results – ASC1-V3 
 Initial Post SIT-no cleaning 
Post SIT-
cleaning with 
air 
Post SIT-cleaning 
with IPA and DI 
water 
WCA (º) 119.5 - 84.6 92.8 
Roll-off angle (º) 76.8 - - >90.0 
R (%) at 550 nm 2.8 4.4 3.4 4.2 
T (%) at 550 nm 96.8 96.5 96.0 96.1 
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A mesh was used to reduce the flow of sand that increases the exposure time for the 
same amount of sand. A more uniform degradation over the coated area was observed 
on the sample surface as seen in Figure 6.15. However, discolouration (whitening), 
which is also called ‘frosting’, was still observed.  
 
 
Figure 6.14-SEM images of ASC1-V3 coating a) before SIT exposure and b) 
abrasion damage on the surface of the coating, c) less damaged area, d) severe 
coating removal, e) minor scratches caused by sand particles, f) major coating 
removal after SIT 
a) b) 
f) e) 
d) c) 
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Table 6.11 shows the results after the SIT in 90 seconds with no cleaning and with 
IPA/DI water cleaning. 
 
 
 
The WCA given in Table 6.11 is the average of whole exposed area. The minimum and 
maximum WCA measured on the coated area were 35.9º and 111.8º respectively. The 
lowest transmittance and highest reflectance measured were 94.6% and 5.4%, 
respectively. Figure 6.16 shows the variance of the contact angle of water drops on 
coated area from the first impact point to the bottom of the sample. 
 
 
Figure 6.15-ASC1-V3 coating surface after Sand Impact Test 
Table 6.11-Sand Impact Test Results – ASC1-V3 
 Initial Post SIT-no cleaning 
Post SIT-cleaning 
with IPA and DI 
water 
WCA (º) 119.5 - 76.9 
Roll-off angle (º) 72.7 - >90 
R (%) at 550 nm 3.4 5.2 5.4 
T (%) at 550 nm 96.9 94.8 94.6 
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Figure 6.17 shows the WCA measurement on coated area of ASC1-V3 sample after 
cleaning. The results demonstrate that the longer exposure time to the same amount of 
sand results in greater degradation for both the optical and hydrophobic performance. 
However, the SIT with 90 seconds configuration resulted in a more even degradation on 
the surface than the exposure for 5 seconds. 
 
 
 
Figure 6.16-Shape of water drop on ASC1-V3 sample a) top b) middle and c) 
the bottom of the exposed area after Sand Impact Test 
 
Figure 6.17-WCA measurement on ASC1-V3 coating surface after Sand 
Impact Test 
b) 
c) 
a) 
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The ASC1-V5 coated sample, which was an improved formulation of ASC1-V1 and V2, 
was exposed to SIT with 90 seconds configuration to compare the durability 
improvement against sand impact. Figure 6.18 shows the images of the sample before 
and after the SIT exposure. 
 
 
 
The WCA results shown in Table 6.12 are the average measurements over the coated 
area. The minimum and maximum WCA measurements were 85.2º and 127.7º 
respectively. The optical measurements shown below are the lowest of three 
measurements at different points over the coated area. The RoA was not monitored due 
to the poor initial performance of the sample. 
 
 
 
Figure 6.18-ASC1-V5 coating a) before b) after Sand Impact Test c) WCA 
measurement on clean sample 
Table 6.12-Sand Impact Test Results – ASC1-V5 
 Initial Post SIT-no cleaning 
Post SIT-cleaning 
with IPA and DI 
water 
WCA (º) 126.1 - 112.4 
Roll-off angle (º) >90.0 - - 
R (%) at 550 nm 5.6 7.0 6.9 
T (%) at 550 nm 93.5 90.0 91.5 
b) a) c) 
Chapter 6: Performance and Durability of Anti-soiling Hydrophobic Coatings for PV 
Cover Glass 
140 
 
Figure 6.19 shows the reflectance measurements of the ASC1-V5 coated glass sample 
over the wavelength range 200-1200 nm before and after the exposure. The degradation 
in the optical measurements corresponds to coating removal after the SIT exposure and 
results in a degradation of the anti-reflective effect of the coating.  
 
 
 
ASC1-V6 was also exposed to SIT to assess the sand impact resistance of the coating. 
Table 6.13 shows the hydrophobic performance before and after the SIT exposure. The 
WCA and RoA after SIT exposure are the average values over the exposed area of the 
coating.  
 
 
 
Figure 6.20 shows the reflectance measurement of ASC-V6 coating over 200-1200 nm 
before and after SIT exposure. Increase in reflectance was measured ~1% between 850-
1200 nm, and ~2% at ~500 nm of the spectra. However, the coating still showed some 
anti-reflectivity after the exposure. 
 
Figure 6.19-Reflectance of ASC1-V5 before and after SIT 
Table 6.13-Sand Impact Test Results – ASC1-V6 
 Initial 
After SIT – 
cleaning with IPA 
and DI water 
Minimum 
measured 
Maximum 
measured 
WCA (º) 106.8 89.0 73.2 105.6 
Roll-off angle (º) 40.6 54.8 45.7 71.1 
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Figure 6.21 shows the SEM images on various points of the sample after SIT exposure. 
 
 
 
6.3.4 Damp Heat (DH) Test 
The ASC1-V1 and ASC1-V2 hydrophobic coatings were exposed to a damp heat test at 
85ºC and 85% relative humidity (RH). The surface was exposed for a total of 1000 
hours with intermediate optical measurements made at 250, 375 and 500 hours and the 
WCA measurements made at 250, 375, 500 and 1000 hours. Defects on the surface, in 
the form of water stains, were observed after the test using an optical microscope. 
 
Figure 6.20-Reflectance measurement of ASC1-V6 before and after SIT  
 
Figure 6.21-SEM images of damaged areas of ASC1-V6 after SIT  
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Figure 6.22 shows the optical microscope images of exposed sample of ASC1-V1 
before and after 1000 hours of the DH test.  
 
 
 
The hydrophobic performance of the ASC1-V1 was severely reduced by the damp heat 
test after 1000 hours of exposure. Table 6.14 shows transmittance and reflectance, RoA 
and WCA measurements of the tested sample until the surface lost the hydrophobic 
property which is defined by WCA measuring below 90º [172]. The increase in RoA 
shows that the damp heat exposure also increases the adhesion of the water drops. 
Despite degradation in the hydrophobic performance, the optical measurements showed 
a slight improvement. This may be associated with the effects of the heat treatment 
(annealing) on the coating.  
 
 
 
The results in Table 6.15 show that the effects of DH test on ASC1-V2 coating are 
similar to those of ASC1-V1 due to similarity in the coating chemistry. The degradation 
 
Figure 6.22-Optical microscope images of ASC1-V1 a) before the DH exposure 
and b) damage on the coating surface as a form of dark spots after the exposure 
Table 6.14-Damp Heat Test Results – ASC1-V1 
 Initial 125 hours 
250 
hours 
375 
hours 
500 
hours 
1000 
hours 
WCA (º) 106.3 - 92.2 93.2 90.7 83.1 
Roll-off angle (º) 73.0 - - - - 78.2 
R (%) at 550 nm 7.3 7.5 6.9 6.9 7.0 6.3 
T (%) at 550 nm 92.9 92.7 93.1 92.6 92.8 93.1 
b) a) 
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of WCA for ASC1-V1 and ASC1-V2 is 21.8% and 24.2%, respectively. However, the 
improvement for the optical performance due to heat annealing is higher for ASC1-V2.  
 
 
 
Figure 6.23 shows optical microscope images of some areas with defects on ASC1-V2 
coating after the DH exposure.  
 
 
 
ASC1-V6 was exposed to the DH test and the performance of the coating was 
monitored after 100, 250, 500, 750 and 1000 hours during the exposure. Table 6.16 
Table 6.15-Damp Heat Test Results – ASC1-V2 
 Initial 125 hours 
250 
hours 
375 
hours 
500 
hours 
1000 
hours 
WCA (º) 102.1 - 92.6 87.3 85.0 77.5 
Roll-off angle (º) 59.1 - - - - 75.6 
R (%) at 550 nm 7.5 6.8 5.6 5.4 5.3 5.2 
T (%) at 550 nm 92.8 93.2 93.9 94.1 93.9 94.7 
 
Figure 6.23-Optical microscope images of ASC1-V2 a) before the DH exposure 
b) and c) showing damage on the coating surface possibly due to moisture 
penetration after 1000 hours of DH exposure 
a) b) 
c) 
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shows the WCA and RoA measurement results. The results show that the WCA of the 
coating dropped to ~80° after 1000 hours of exposure. This shows that the ASC1-V6 
coating is significantly susceptible to humid environments. The RoA measurement after 
250 hours of exposure confirms the damage on the surface.  
 
 
 
The SEM images in Figure 6.24 show the damage to the surface of the ASC1-V6 
coating after DH exposure. Minor pores, visible in black, were observed on the coating 
surface explain the degradation of the hydrophobic performance.  
 
 
 
Table 6.16-Damp Heat Test Results – ASC1-V6 
 Initial 100 hours 
250 
hours 
500 
hours 
750 
hours 
1000 
hours 
WCA (º) 107.4 103.6 86.9 95.9 85.9 80.4 
Roll-off angle (º) 38.9 48.3 83.7 86.8 >90.0 >90.0 
 
 
Figure 6.24-SEM images of ASC1-V6 a) before DH exposure b) pores in black 
visible after 100 hours and c) defect increased after 250 hours d) coating 
surface after 500 hours of DH exposure  
b) a) 
c) d) 
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The sample was also analysed in cross-section configuration in SEM as shown in 
Figure 6.25. These images confirmed the crater-like damage caused by the moisture to 
the coating. The size of the pores was measured to be between ~40 to ~80 nm.  
 
 
 
The optical performance of the coating was affected differently at different wavelengths 
during the exposure. The reflectance reaches the highest values between ~500 to ~700 
nm after 1000 hours of exposure. Figure 6.26 shows the reflectance of the sample 
following the DH exposure. 
 
 
 
Figure 6.25-SEM images of ASC1-V6 a) before b) after 100 hours and c) after 
250 hours d) after 500 hours of DH exposure  
c) d) 
b) a) 
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6.3.5 Thermal Cycling (TC) Test 
The hydrophobic coatings were stressed using a thermal cycling test. The coatings were 
exposed to a total of 200 cycles according to IEC 61215. 
The optical and hydrophobic measurement results in Table 6.17 show that the ASC1-
V1 coating was resilient to thermal cycling. The WCA measurements reveal a gradual 
degradation with increasing number of cycles and a reduction of 4.0% after 200 cycles. 
Transmittance and reflectance measurements show no significant change. However, an 
improvement in the roll-off angle is observed after exposure to thermal cycling.  
 
 
 
Figure 6.27 shows an optical microscope imaging showing minor defects occurred after 
TC exposure.  
 
Figure 6.26-Reflectance measurement of ASC1-V6 before and after DH 
exposure  
Table 6.17-Thermal Cycling Test Results-ASC1-V1 
 Initial 100 cycles 200 cycles 
WCA (º) 106.3 104.5 102.1 
Roll-off angle (º) 72.9 - 50.1 
R (%) at 550 nm 7.0 6.8 6.7 
T (%) at 550 nm 93.0 92.9 92.9 
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Table 6.18 shows the results before and after TC test for ASC1-V2. The hydrophobic 
and optical measurements indicate that the coating shows good resistance against 
thermal cycling. 3.7% degradation in WCA after 200 cycles of TC is within the 
acceptable degradation limit. RoA and optical performances remained at a similar level 
after the exposure.  
 
 
 
A minor defect, similar to the one observed on ASC1-V1 coating using the optical 
microscope after TC exposure, is shown in Figure 6.28. 
 
Figure 6.27-Optical microscope images of ASC1-V1 a) before b) after TC 
exposure 
Table 6.18-Thermal Cycling Test Results – ASC1-V2 
 Initial 100 cycles 200 cycles 
WCA (º) 102.1 99.8 98.3 
Roll-off angle (º) 59.1 - 46.4 
R (%) at 550 nm 6.9 6.6 6.7 
T (%) at 550 nm 93.1 93.4 93.3 
b) a) 
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ASC1-V6 coating was exposed to 300 cycles of TC test. Table 6.19 shows the results 
during the exposure. The results show that the coating is still hydrophobic and resilient 
against temperature cycling. 
 
 
 
6.3.6 UV Exposure Test 
Anti-soiling coatings on PV modules must be UV resistant due to continuous exposure 
to sun light. Therefore, the UV Exposure test was applied to ASC1-V1 coating for 500 
hours with intermediate checks at 50 and 250 hours to determine its effect over 
exposure time.  
The WCA measurement results show that the UV exposure affects the hydrophobic 
performance of the ASC1-V1 noticeably, but does not affect the optical performance 
significantly. The RoA increased slightly with UV exposure. This shows that the effect 
of UV exposure on RoA and WCA can vary separately depending on the coating 
chemistry, as the two are not related [175]. The T, R, RoA and WCA results are shown 
in Table 6.20. 
 
Figure 6.28-Optical images of ASC1-V2 a) before the exposure b) a minor 
defect on coating surface after TC exposure 
Table 6.19-Thermal Cycling Test Results – ASC1-V6 
 Initial 50 cycles 100 cycles 200 cycles 300 cycles 
WCA (º) 106.4 105.3 106.3 103.2 103.2 
Roll-off angle (º) 38.7 43.2 45.4 44.9 48.0 
R (%) at 550 nm 5.5 5.7 5.6 5.7 5.9 
T (%) at 550 nm 94.5 94.3 94.4 94.3 94.1 
b) a) 
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Figure 6.29 shows a possible defect/micro scale removal of the coating that causes a 
slight degradation in the hydrophobic performance of the ASC1-V1. 
 
 
 
Table 6.21 shows the results of ASC1-V2 samples after UV exposure. The degradation 
in WCA was about 13%, which is much higher than the degradation of ASC1-V1. The 
results indicate that either the functionalisation process or the curing parameters used in 
ASC1-V2 affect the resistance against UV light. Figure 6.30b) shows a commonly 
observed defect on the coating surface after UV light exposure.  
 
 
Table 6.20-UV Exposure Test Results – ASC1-V1 
 Initial 50 hours 250 hours 500 hours 
WCA (º) 106.3 103.9 100.7 99.1 
Roll-off angle (º) 72.5 - - 79.4 
R (%) at 550 nm 7.8 7.6 7.6 7.3 
T (%) at 550 nm 92.7 92.2 92.3 92.4 
 
Figure 6.29-Optical images ASC1-V1 a) before and b) after UV Exposure 
Table 6.21-UV Exposure Test Results – ASC1-V2 
 Initial 50 hours 250 hours 500 hours 
WCA (º) 102.1 99.1 94.6 89.1 
Roll-off angle (º) 59.1 - - 59.2 
R (%) at 550 nm 7.7 7.6 7.6 7.3 
T (%) at 550 nm 92.9 92.7 92.8 93.0 
a) b) 
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ASC1-V6 was exposed to UV light under the same conditions as V1 and V2 samples. 
Table 6.22 shows the results of ASC1-V6 sample during the UV exposure. The results 
demonstrate that the V6 formulation has great stability against UV exposure in 
comparison with V1 and V2.  
 
 
 
6.3.7 Solubility Test 
The ASC1-V4 coating was exposed to all levels of the solubility test previously 
described in Chapter 3. Table 6.23 shows the results after immersion to DI water for 96 
hours (Level 3) and 10 cycles of immersion in boiling DI water for 2 minutes followed 
by immersion in DI water at room temperature for 1 minute (Level 12). 
 
 
Figure 6.30-Optical microscope image of ASC1-V2 a) before b) defect observed 
on the coating surface after UV Exposure 
Table 6.22-UV Exposure Test Results – ASC1-V6 
 Initial 50 hours 
100 
hours 
250 
hours 
500 
hours 
WCA (º) 105.7 107.9 104.6 103.3 103.8 
Roll-off angle (º) 36.1 40.7 42.2 42.3 44.7 
R (%) at 550 nm 5.2 5.3 5.3 5.4 5.4 
T (%) at 550 nm 94.8 94.7 94.7 94.6 94.6 
a) b) 
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Optical measurements indicate that the coating had slight degradation in transmittance 
and reflectance after exposure to level 12. A lower WCA was measured at the edges of 
the coated sample after the tests at severity level 3. Nevertheless, the coating preserved 
its hydrophobicity after testing at severity level 12. The post-exposure WCA results 
shown in Table 6.23 are the mean values over the surface. The lowest was 99.6º and 
highest was 118.5º for the sample tested. This suggests that even when the whole 
surface is exposed to the solubility test, there are still areas on the surface that are not 
degraded or less affected.  
ASC1-V6 samples were immersed in DI water at room temperature for a total of 250 
hours with intermediate checks after 6 and 96 hours. The optical performance was not 
affected significantly by the exposure. However, the WCA was significantly reduced to 
just above 90º after the test and the RoA increased by ~50%. Table 6.24 shows the 
results before and after the immersion. 
 
 
 
SEM images of the damaged surface after the DI water immersion of ASC1-V6 are 
provided in Figure 6.31. They suggest that the coating started to dissolve, and 
hydrophobicity was removed by the DI water exposure. 
 
Table 6.23-Solubility Test Results – ASC1-V4 
 Initial Post - Level 3 Post - Level 12 
WCA (º) 118.6 112.2 104.4 
Roll-off angle (º) 47.6 52.5 75.3 
R (%) at 550 nm 4.7 4.7 5.3 
T (%) at 550 nm 95.1 95.3 94.7 
Table 6.24-DI Water Immersion Test Results – ASC1-V6 
 Initial Post 6 hours Post 96 hours Post 250 hours 
WCA (º) 106.7 102.6 97.8 91.6 
Roll-off angle (º) 39.7 44.3 52.0 61.4 
R (%) at 550 nm 5.5 5.7 5.7 5.8 
T (%) at 550 nm 94.5 94.3 94.3 94.2 
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6.3.8 Rain Drop Simulation Test (RDST) 
The test was carried out for a continuous period of 1 minute to evaluate the coating 
water repellency performance without other factors such as wind, air temperature, 
sunlight etc. The samples were left to dry under atmospheric conditions after the 
exposure. The results show that the optical and hydrophobic performance were reduced 
mainly by water stains remaining on the surface after drying.  
The results shown in Table 6.25 for ASC1-V3 were obtained using tap water. The 
hydrophobicity and optical measurements indicate that the effect of water stains is 
highly detrimental to the coating performance. A slight increase in the WCA on some 
measurement points on the surface is possibly due to the additional roughness caused 
by the exposure. However, this roughness also caused an increase in the RoA, as the 
water stains obstruct the movement of water drops. The ASC1-V3 coating was placed 
onto the test rig with an angle of 45º. The images of the coating surface before the 
exposure and after drying under atmospheric conditions are shown in Figure 6.32.  
  
  
Figure 6.31-SEM images of ASC1-V6 after DI Water immersion 
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The installation angle of the sample was increased to 60º to monitor the impact visually. 
Figure 6.33 shows the images of ASC1-V4 before and after the exposure. The images 
clearly demonstrate that the higher installation angle results in a less stained surface 
after exposure. 
 
 
Table 6.25-Rain Drop Simulation Test Results – ASC-V3 
 Initial 
Post 
RDST- 
highest 
Post 
RDST- 
lowest 
Post 
RDST- 
after 
cleaning 
Post RDST-
stain after 
cleaning 
WCA (º) 118.9 128.0 52.0 125.0 90.0 
Roll-off angle (º) 61.1 - >90.0 83.0 >90 
R (%) at 550 nm 1.3 1.1 5.4 1.5 1.4 
T (%) at 550 nm 98.6 98.2 96.0 98.5 98.4 
 
Figure 6.32-Images of ASC-V3 a) before the RDST exposure b) water stain 
marks on the coating surface after drying at RT 
 
Figure 6.33-Images of ASC1-V4 a) before b) relatively less water stain marks 
after the RDST exposure with tap water 
a) b) 
a) b) 
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6.4 Test Results of Anti-Soiling Coating 2 (ASC2) 
6.4.1 Adhesion Test 
The tape adhesion test was applied to ASC2 under the same conditions of ASC1. Table 
6.26 shows no degradation in both the hydrophobic and optical performance of the 
coating. There was no removal of the coating during the test.  
 
 
 
6.4.2 Abrasion Resistance Test 
The ASC2 coating was exposed to the abrasion resistance test with cheesecloth and a 
felt pad under 10 N load. CS8 and CS10 abrasive materials were also used on ASC2 to 
compare the degradation level with the ASC1 coating. A scour pad was additionally 
used to simulate a ‘low to medium’ abrasion. Table 6.27 shows the results after 100 
cycles of abrasion with cheesecloth.  
 
 
 
The WCA was reduced by only ~3° after 100 cycles of abrasion. The RoA showed an 
improvement after the abrasion with cheesecloth. 
Table 6.26-Tape Adhesion Test Results – ASC2 
 Initial Post exposure 
WCA (º) 109.1 108.8 
Roll-off angle (º) 28.2 27.2 
R (%) at 550 nm 7.1 7.2 
T (%) at 550 nm 92.9 92.8 
Table 6.27-Abrasion Resistance Test Results with cheese cloth – ASC2 
 Initial 10 cycles  50 cycles  100 cycles 
WCA (º) 109.1 109.0 106.9 106.2 
Roll-off angle (º) 28.2 24.4 22.2 13.5 
R (%) at 550 nm 7.1 8.4 8.4 8.5 
T (%) at 550 nm 92.9 91.6 91.6 91.5 
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Table 6.28 shows the results after the felt pad abrasion. The results suggest that the 
coating is resilient against the felt pad abrasion with no degradation in WCA. An 
improvement in RoA was also observed after the felt pad abrasion. 
 
 
 
The results shown in Table 6.29 were obtained after the scour pad abrasion. The WCA 
was reduced to 105.1º. The RoA was improved by ~50% after the exposure. The 
improvement in RoA after all three types of abrasive materials is possibly due to the 
removal of excess solution or residues left on the surface after deposition of the coating. 
The anti-reflective property of the coating in the initial performance was degraded after 
the first 10 cycles of abrasion with each material. This degradation supports the removal 
of micro-size residues on the coating with the abrasion test.  
 
 
 
Table 6.30 shows the WCA and RoA results before and after abrasion test with CS8 and 
CS10 under 5 N load. The WCA of the ASC2 coating was reduced to 102.1° and 98.7° 
after CS8 and CS10, respectively. The RoA was improved after 100 cycles of abrasion 
due to the same reason described for other three abrasive materials. The abrasion results 
show that the abrasion resistance of the ASC2 is better in comparison with the ASC1 
coating. 
Table 6.28-Abrasion Resistance Test Results with felt pad – ASC2 
 Initial 10 cycles  50 cycles  100 cycles 
WCA (º) 109.1 109.5 108.8 108.3 
Roll-off angle (º) 28.2 27.5 27.3 13.2 
R (%) at 550 nm 7.1 8.1 8.1 8.3 
T (%) at 550 nm 92.9 91.9 91.9 91.7 
Table 6.29-Abrasion Resistance Test Results with scour pad – ASC2 
 Initial 10 cycles  50 cycles  100 cycles 
WCA (º) 109.1 109.3 106.6 105.1 
Roll-off angle (º) 28.2 30.8 30.3 14.3 
R (%) at 550 nm 7.1 8.2 8.2 8.5 
T (%) at 550 nm 92.9 91.8 91.8 91.5 
Chapter 6: Performance and Durability of Anti-soiling Hydrophobic Coatings for PV 
Cover Glass 
156 
 
 
 
6.4.3 Damp Heat (DH) Test 
The ASC2 coating was exposed to the damp heat test to assess its resilience against a 
hot and humid environment. The WCA and the RoA performance were degraded 
significantly after only 100 hours of exposure. The DH exposure was completed at 500 
hours to observe the degradation of WCA. The optical performance was improved after 
250 hours, but measured the same as the initial performance after 500 hours of exposure. 
The RoA after 250 hours and 500 hours were measured and were lower than those after 
100 hours. This was due to the coating losing its hydrophobicity, and thus, acting more 
hydrophilic. The results are shown in Table 6.31. 
 
 
 
Figure 6.34 shows the WCA measurements of the surface before and after the damp 
heat exposure test. The shape of the water drop on ASC2 coating surface during the 
WCA measurements is shown in Figure 6.34.  
 
Table 6.30-Abrasion Resistance Test Results with CS8 and CS10 – ASC2 
  Initial 100 cycles 
CS8-5 N 
WCA (º) 108.5 102.1 
Roll-off angle (º) 28.2 17.3 
CS10-5 N 
WCA (º) 108.5 98.7 
Roll-off angle (º) 28.2 25.0 
Table 6.31-Damp Heat Test Results – ASC2 
 Initial 100 hours 250 hours 500 hours 
WCA (º) 109.1 69.7 51.3 48.2 
Roll-off angle (º) 28.2 60.0 22.9 42.1 
R (%) at 550 nm 7.1 6.1 5.9 7.3 
T (%) at 550 nm 92.9 93.9 94.1 92.9 
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Figures 6.35 and 6.36 show the SEM images of ASC2 sample before and after the 
exposure. Major defects were observed on the coating surface. The nano-particles 
visible on the coatings surface shown in Figure 6.35a) were destructed or not evident 
after the exposure. The structure of the nano-particles (if any left) was also significantly 
changed after the exposure.  
 
 
 
 
Figure 6.34-WCA measurements of ASC2 a) before and b) after 250 hours c) 
after 500 hours of DH exposure 
 
Figure 6.35-SEM images of ASC2 a) nano-particles shown on ASC2 coating 
surface before DH exposure and b) nano-particles evident on the surface 
damage after 500 hours of exposure 
 
Figure 6.36-SEM images of ASC2 showing destruction of the nanoparticle 
structure of the coating after 500 hours of DH exposure at different 
a) b) c) 
a) b) 
Chapter 6: Performance and Durability of Anti-soiling Hydrophobic Coatings for PV 
Cover Glass 
158 
 
6.4.4 Thermal Cycling (TC) Test 
The ASC2 coating was exposed to the TC test for up to 300 cycles. The WCA remained 
at a similar level as the initial performance after 300 cycles of exposure. The optical 
performance was slightly degraded after 300 cycles. The results shown in Table 6.32 
confirm that ASC2 has excellent resistance to temperature cycling. 
 
 
 
Figure 6.37 shows the water drops on the coating surface during the WCA 
measurements before and after 300 cycles of TC exposure. 
 
 
 
6.4.5 UV Exposure Test 
The test results on ASC2 coating shown in Table 6.33 before and after the UV exposure 
indicate that the coating is resistant against UV light after 500 hours of exposure, 
equivalent to ~20 kWh/m2. The WCA remained at a similar level as the initial result 
after the test. The RoA showed slight improvement due to the curing effect of heat 
Table 6.32-Thermal Cycling Test Results – ASC2 
 Initial 100 cycles 200 cycles 300 cycles 
WCA (º) 109.1 109.3 108.1 107.8 
Roll-off angle (º) 28.2 22.1 27.7 26.0 
R (%) at 550 nm 7.1 7.6 8.0 7.8 
T (%) at 550 nm 92.9 92.4 92.0 92.2 
 
Figure 6.37-WCA measurements of ASC2 a) before and b) after 300 cycles of 
Thermal Cycling Test 
a) b) 
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during the exposure. The transmittance and reflectance at 550 nm show no significant 
difference as indicated in Table 6.33.  
 
 
 
Figure 6.38 shows the SEM images of ASC2 coating before and after the UV exposure.  
The nano-particles on the ASC2 coating present before the test were still visible after 
the test. However, these were observed in a different shape and form. The change in the 
pattern could be the onset of a degradation mechanism, even though the performance of 
the coating was not affected. 
 
 
 
Figure 6.39 shows the surface of ASC2 coating after the exposure at different 
magnifications. Minor defects were observed at different points, commonly present 
around nano-particles, but the majority of nano-particles were without any damage.  
 
Table 6.33-UV Exposure Test Results – ASC2 
 Initial 50 hours 250 hours 500 hours 
WCA (º) 109.0 109.0 108.2 108.1 
Roll-off angle (º) 28.2 20.7 18.2 17.6 
R (%) at 550 nm 7.2 7.3 7.2 7.4 
T (%) at 550 nm 92.8 92.7 92.8 92.6 
 
Figure 6.38-SEM images of ASC2 a) before and b) defects visible on ASC2 
coating after 500 hours of UV exposure 
a) b) 
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6.4.6 Solubility Test   
ASC2 coating was immersed in DI water to monitor the durability against water. The 
standard 96 hours DI water immersion was extended to 250 hours. The WCA showed 
~6% degradation after the exposure. The RoA was increased to 43.6º after 250 hours. 
The optical performance was not affected during the exposure. Table 6.34 shows the 
results before and after the DI water immersion test. 
 
 
 
6.4.7 Outdoor Exposure 
The ASC2 coating was exposed to outdoor conditions in Nottingham, UK for a total of 
8 months, from May 2017 to February 2018 to monitor the impact of degradation 
during outdoor conditions. The range of temperatures during this period was 21.3ºC to -
0.5ºC, a maximum difference of 21.8ºC. Rainfall varied from 85.1 to 46.2 mm for each 
month. Sunshine duration per month ranged from 198.9 to 54.9 hours. Tables 6.35 and 
6.36 show the results before and after cleaning the surface, respectively.  
 
 
Figure 6.39-SEM images of ASC2 show defects at different magnifications after 
500 hours of UV exposure  
Table 6.34-Solubility Test Results – Immersion in DI water only – ASC2 
 Initial 50 hours 100 hours 250 hours 
WCA (º) 106.9 104.3 101.6 100.0 
Roll-off angle (º) 28.2 46.4 45.3 43.6 
R (%) at 550 nm 7.5 7.5 7.5 7.5 
T (%) at 550 nm 92.5 92.5 92.5 92.5 
Defect 
Defect 
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The results before cleaning were monitored every month to assess the effect of soiling 
on the hydrophobic performance of the ASC2 coating. The transmittance difference 
before and after cleaning provides a measure of the reduction due to soiling. The 
maximum transmittance difference before and after cleaning was measured at the end of 
month 5 (between 26th of September-1st of November) by ~1.0%. During the 8 months 
period, the lowest rainfall was also recorded during month 5 according to the UK 
Meteorology Office [176]. This suggests that the ASC2 coating was only acting as an 
anti-soiling coating with the assistance of rainfall. However, the WCA reduced by ~8% 
after 8 months of outdoor exposure.  
 
 
 
The comparison of the WCA and RoA results before and after cleaning suggests that 
the soiling accumulated on the coating surface each month not only reduces the 
transmittance but also reduces the hydrophobic performance. Figure 6.40 shows the 
shape of a water drop on the coating surface before and after the cleaning. 
 
Table 6.35-Outdoor Results before cleaning – ASC2 
 Initial 1 month  
3 
months 
5 
months 
6 
months 
8 
months 
WCA (º) 110.0 104.0 98.7 100.1 100.6 100.1 
Roll-off angle (º) 34.0 36.4 53.6 25.8 34.7 27.3 
R (%) at 550 nm 7.2 8.5 8.3 8.2 8.3 8.2 
T (%) at 550 nm 92.8 91.0 91.0 90.7 91.3 91.1 
Table 6.36-Outdoor Results after cleaning – ASC2 
 Initial 1 month  
3 
months 
5 
months 
6 
months 
8 
months 
WCA (º) 110.0 104.4 101.9 100.9 102.5 101.6 
Roll-off angle (º) 34.0 13.9 20.8 20.6 22.0 22.8 
R (%) at 550 nm 7.2 8.6 8.3 8.4 8.3 8.3 
T (%) at 550 nm 92.8 91.4 91.7 91.6 91.7 91.7 
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Figure 6.41 shows the transmittance of the ASC2 coating measured at 550 nm before 
and after the cleaning every month. The reduction in transmittance after the first month 
is due to a combination of the optical degradation and soiling. Similar to the results in 
the abrasion resistance test after 10 cycles, the transmittance was reduced to 92.0% after 
cleaning at the end of the first month. This is due to the removal of micro-size residues 
on the coating surface that provides anti-reflectivity after cleaning with soft tissue.  
 
 
 
 
 
Figure 6.40-Shape of water drop on ASC2 sample after 8 months outdoor 
exposure a) before cleaning b) after cleaning  
  
Figure 6.41-Transmittance measurements of ASC2 sample each month before 
after cleaning 
a) b) 
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6.5 Discussion and Conclusion 
The low surface energy of hydrophobic coatings offers less adhesion and/or easy 
removal of soiling on the PV module cover glass surface, which helps to maintain the 
PV output power. The potential of using hydrophobic coatings as an anti-soiling coating 
is already recognised by the PV industry. The performance and durability of these 
commercially available coatings is important due to financial implications. In this 
chapter, a hydrophobic coating (ASC1) with six different variants was developed to 
achieve a durable and high performance anti-soiling coating for PV market. A 
commercially available hydrophobic coating (ASC2) that is designed and traded in the 
PV market as an anti-soiling coating was also assessed for comparison. Both coatings 
were exposed to environmental and mechanical stress tests. ASC1 had six variants, 
which all underwent various stress tests to identify the weaknesses of the coating 
formulation. This data was then used to modify the chemistry of the next variant to 
improve the durability.  
The tape adhesion test was applied to ASC1-V1, ASC-V2 and ASC2 coatings and all 
showed good adhesion to the glass substrate. The coatings were still intact, hydrophobic 
and the optical performance was not affected. The durability against abrasion is 
important for AS coatings on PV cover glass due to regular cleaning cycles, general 
wear and tear, and falling debris in certain environments. Therefore, abrasion resistance 
tests were performed using a reciprocating abrader for both ASC1 and ASC2. The 
results obtained using CS8 and CS10 abrasive materials on ASC1 suggest that these 
industry standard materials are too harsh to assess the coating durability. All variants of 
ASC1 showed poor performance against CS8 and CS10 abrasion under 5 N load. A felt 
pad which is widely used for abrasion resistance was applied with a load of 10 N to 
ASC1-V6. The coating lost its hydrophobicity after 100 abrasion cycles confirming that 
the ASC1 is not resilient against abrasion [166]. The ASC2 was exposed to CS8, CS10, 
and felt pad abrasion tests under the same conditions. Additionally, ASC2 was exposed 
to abrasion with a scour pad and a cheesecloth under a 10 N load. After exposure to 100 
cycles of felt pad abrasion, the ASC2 coating did not show any significant degradation 
in WCA. The CS8 and CS10 abrasive materials degraded the WCA of ASC2, but 
hydrophobicity was retained after 100 cycles of abrasion with both materials. Slight 
improvement was observed in RoA due to the removal of coating residues from the 
surface. However, the optical performance was slightly reduced after the abrasion test.  
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Sand accumulation in arid climates is becoming a major concern for PV systems. The 
durability of the AS coatings against sand abrasion was investigated to understand the 
impact of sand on hydrophobic performance. ASC1-V3, V5 and V6 coatings were 
exposed to the SIT to monitor the improvement in mechanical durability of the ASC1 
formulations. The degradation after SIT was improved in V5 and V6 versions in 
comparison to V3 coating, showing that mechanical durability of hydrophobic coatings 
can be enhanced [177]. The SIT with 90 seconds configuration was used to achieve a 
more uniform tested area. ASC2 was not exposed to SIT due to the unavailability of the 
test rig at the time.  
Both ASC1 and ASC2 sample results after the exposure to the DH test confirm that the 
hydrophobic coatings with nano-particles and voids are susceptible to moisture at high 
temperature due to the same degradation mechanism occurred in nano-porous AR 
coatings [146]. The SEM analysis confirms the degradation mechanisms caused by the 
DH exposure on both types of coatings. SEM images of ASC1-V6 coating shows that 
the majority of the nano-particles and their structure were destroyed. The size of the 
pores shown in black were increasing by exposure time. Major defects were observed 
on the ASC2 coating surface where the nano-particles were not visible on the coatings 
surface. A significant change was also observed in the structure of the nano-particles.  
The TC test results show that both ASC1 and ASC2 coatings were not degraded 
significantly after the temperature cycling. However, the TC exposure can be used with 
a combination of another environmental or mechanical stress test.  
A portion of sun light includes UV light. Thus, PV modules and materials should be 
resistant against UV exposure for extended periods. The UV exposure test results of 
ASC1-V6 confirmed significant durability under UV light in comparison with ASC1-
V1 and V2. The ASC2 coating also has a greater resistance to UV exposure. The results 
of DI water immersion are critical if the coatings are intended for use in rainy climates. 
The test results show that ASC1 samples were not resilient against water. In particular, 
the hydrophobic performance of ASC1-V6, was reduced significantly, but remained 
above the hydrophobic level. The ASC2 coating showed a better performance than the 
ASC1 after immersion to a total of 250 hours. The optical performance of both coatings 
remained at a similar level after the test.  
The RDST was applied on ASC1-V3 and V4 coatings using tap water to simulate the 
cleaning effect of rainwater. The results suggest that the anti-soiling coatings with high 
RoA can have an undesirable impact on PV module surfaces. If any stain is left on the 
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surface after drying due to contamination in the air or rainwater, the hydrophobic 
performance is affected adversely. Increasing the installation angle of the coating has 
reduced the impact on the surface. ASC2 was not exposed to RDST due to 
unavailability of the test rig at the time.  
In addition, ASC2 was exposed to outdoor conditions in Nottingham, UK (52.885296, -
1.282302). The hydrophobic and optical performance parameters were monitored after 
a cleaning process every month. The data was used to compare and evaluate the 
performance of a clean surface. The main reason of the exposure was to monitor the 
degradation of the hydrophobic and optical performance of the coating. The outdoor 
exposure also allowed us to compare the coatings’ anti-soiling performance before and 
after cleaning. The loss in transmittance on the coating surface before and after cleaning 
was presented for each month.  
 
  
7 Degradation of Hydrophobic Coatings 
Developed for Other Applications 
 
7.1 Introduction 
Surface coatings are thin-film materials with a wide range of applications. The purpose 
of using these coatings includes decoration, protection and/or the addition of a new 
functionality to the surface of the material. Paints are the most well-known protective 
and decorative coatings. Protective coatings are commonly used to provide a shield to 
avoid corrosion on metal [178]. They are also used for protection against UV light and 
liquids on wood [179]. The multi-functional optical coatings can possess features such 
as anti-reflectivity [180], UV blocking (e.g. for spectacle lenses) [181] self-cleaning and 
water-repellency [130].  
The functional coating market is projected to reach $6,27 billion by 2022 [182]. The 
hydrophobic coating market is expected to contribute $2,47 million to the coating 
market globally [183]. Water repellent (hydrophobic and superhydrophobic) coatings 
are one of the most popular multi-functional coatings that have drawn enormous 
attention in research and in industrial application. Ophthalmic, automotive, aerospace, 
building and construction, electronics/display and medical industries already benefit 
from the useful features of hydrophobic coatings [184]. The PV industry has also 
started using hydrophobic coatings as an anti-soiling coating on PV modules. Thus, the 
application areas which are already mature using hydrophobic coatings such as 
ophthalmic, protective coating and displays were chosen to source coatings with the 
potential for use on solar cover glass. However, different applications require different 
types of performance and varying demands on durability. For example, hydrophobic 
coatings are used on spectacle lenses, particularly on AR coatings to provide easier 
cleaning and helps to retain the performance of AR coating. Therefore, the coatings 
used in the ophthalmic industry are expected to have good resistance against abrasion 
due to the frequent cleaning of spectacle lenses. The coatings used in building and 
construction industry are exposed to all types of environmental stresses including, 
temperature change, humidity and UV light. Hence, these coatings are expected to have 
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a good resistance against environmental stresses, such as temperature change and 
humidity.  
The PV modules are designed to be exposed to sun light to generate electricity. 
Therefore, the anti-soiling coatings intended to be used in solar application requires UV 
resistance regardless of the location of the installation. The abrasion resistance of the 
coatings is also crucial due to the cleaning cycles of the PV modules. Transparency of 
such coatings is also important due to light transmittance to the PV cells.  
In this chapter, the performance and durability of three different hydrophobic coatings 
sourced from different areas of application were monitored according to accelerated 
stress test methods that are relevant to use in the PV industry to understand the 
suitability of such coatings for application on solar PV cover glass. The anti-soiling 
performances of these coatings are also evaluated by exposure to outdoor for six 
months. In addition, the durability of each coating against abrasion were compared. The 
degradation of their performance in the PV application is measured and analysed. 
 
7.2 Sample Preparation for Degradation Analysis 
7.2.1 Application Methods of Hydrophobic Coatings  
Different techniques have been developed for the deposition and application of 
hydrophobic coatings. These include electrochemical deposition [185], template method 
[186], plasma treatment [187], chemical vapour deposition [188], thermal evaporation 
[51] and sol-gel processing [189]. The most common application methods for flat 
substrates are wipe coating [170], spray coating [190], spin coating [191] and solution 
immersing [192]. The application method of hydrophobic coatings typically depends on 
the material and the size of the substrates used [193]. 
Solution immersion (dip coating) of hydrophobic coatings is often used in the 
ophthalmic industry to coat spectacle lenses. The substrates are immersed into the 
solution that contains a hydrophobic formulation in solution and activated nanoparticles. 
They are then withdrawn from the solution, at a pre-determined speed. The thin film 
deposition will occur during the withdrawal step. Solution viscosity, substrate removal 
speed and the solution density are the factors that must be optimised to achieve the 
optimal thickness of the coating.  
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The wipe coating method is one of the most common methods for the application of 
hydrophobic coatings on flat surfaces. Various parameters can be changed during the 
deposition, including the quantity of liquid and the material used for wiping as well as 
the direction of wiping. Thickness and uniformity of the coating can be optimised using 
automated applicators. 
Spray coating is a highly efficient application method used for deposition of 
hydrophobic coatings on large areas. Spraying consists of atomising the hydrophobic 
solution, assisted by compressed gas, usually air. The pressure of the gas and the size of 
the needle attached to the spraying gun can be adjusted to set the amount of solution 
sprayed with time. The non-uniformity and control of the thickness of the coating are 
often issues for spray coating methods [194]. These should be optimised by 
experimenting with the spraying set up. 
 
7.2.2 ASC3, ASC4 and ASC5 Coatings Sample Preparation 
The three hydrophobic coatings sourced from different suppliers were investigated.  
ASC3 is a commercially available hydrophobic coating that is used in the ophthalmic 
industry to coat spectacle lenses. The project at CREST aimed to assess the 
performance and durability of the ASC3 coating under various stresses pertinent to the 
application on PV cover glass. The coating used for testing was supplied in solution 
form and was manually deposited on 1 mm thick glass substrates by a dip coating 
method. The ASC3 coating is based on fluorinated silica nanoparticles, functionalised 
with polysiloxane. However, the details of exact materials are unknown. The 50x20 mm 
and 50x50 mm substrates were immersed into the solution at room temperature for a 
period of 60 seconds. They were removed completely within 3-5 seconds manually. The 
samples were then left to dry at room temperature for a minimum of 24 hours before 
taking any measurements. The thickness of the ASC3 coating formed on the substrate 
after dip coating was between ~5 nm to 10 nm according to the manufacturer’s 
specification. The actual thickness of the ASC3 coating was not detectable/measurable 
under SEM due to its remarkably small thickness.  
ASC4 is a commercially available protective coating with hydrophobic properties. It 
comprised of a binder that is based on an organic polysilazane compound, 
functionalised with 3-aminopropyltriethoxysilane. Toluene and n-butyl acetate are used 
as solvents in ASC4. It is widely used in the wood and metal industries to avoid surface 
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contact with liquid. The solution was deposited on a 50x50x1 mm soda-lime glass 
substrates by wipe coating using a non-absorbent material (plastic spatula). The amount 
of solution used was 15 ml/m2 (37.5 µl for the size of substrate used). The exact amount 
of hydrophobic solution was placed on glass substrate by using a pipettor. The solution 
was distributed on to the substrate using a plastic spatula with slow circular movements 
until the whole area was covered. The samples were left to dry at room temperature for 
a minimum of 24 hours before any measurements were taken. The thickness of the 
ASC4 coating was measured to be ~2µm by using SEM.  
The ASC3 and ASC4 coatings were deposited at room temperature of 23ºC±2ºC 
without any additional treatment. The glass substrates were cleaned using DI water and 
IPA and dried with compressed air prior to application of the solution. The RH of the 
laboratory did not exceed 70% at any time during the application processes. 
ASC5 is a commercially available hydrophobic coating that is widely used on spectacle 
lenses and electronic displays to achieve fingerprint-free and hydrophobic surfaces. It is 
a silica nanoparticle based fluorinated coating. ASC5 can be processed by hydrolysis 
with the atmospheric moisture and deposited on glass surface by spray deposition 
technique. The ASC5 hydrophobic coating tested in this chapter were deposited as 
supplied on a layer of SiO2 coated 1mm glass substrate by thermal evaporation under 
vacuum. The thickness of the coating of the samples was measured to be 20±5 nm.  
The mechanical and environmental durability of ASC3, ASC4 and ASC5 coatings were 
assessed. The data obtained was used to evaluate the suitability of each coating for use 
as an anti-soiling application on PV module cover glass. Table 7.1 summarises the 
chemistry and properties of ASC3, ASC4 and ASC5 coatings. 
 
 
Table 7.1-Summary of ASC3, ASC4 and ASC5 Coatings  
 Material Functionalisation Deposition Curing 
ASC3 Fluorinated NP based Polysiloxane Dip RT 
ASC4 Organic Polysilazane 
3-
aminopropyltriethoxysilane Wipe RT 
ASC5 Silica NP based fluorinated film n/a 
Thermal 
Evaporat
ion 
RT 
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7.3 Test Results of Anti-Soiling Coating 3 (ASC3) 
The ASC3 coating is a ~5-10 nm thick, hydrophobic coating that is used on spectacle 
lenses in the ophthalmic industry. The glass substrates used showed no degradation in 
transmittance after ASC3 coating is applied. However, it did not show any AR effect 
either. The initial WCA and RoA were measured to be 112.0±2º and 25.0±3º, 
respectively. 
 
7.3.1 Tape Adhesion Test 
The ASC3 coating was exposed to the tape adhesion test. Table 7.2 shows no 
degradation in both hydrophobic and optical performances of the coating. There were 
no visual defects or removal of the coating after the test.  
 
 
 
7.3.2 Abrasion Resistance Test 
Cheese cloth, felt pad, scour pad and CS10 abrasive materials were used to assess the 
abrasion resistance of ASC3 coating. Tables 7.3, 7.4 and 7.5 show the results of ASC3 
coating after abrasion with different materials. The performance of the coating was 
monitored after 10, 50 and 100 cycles. 
 
 
Table 7.2-Adhesion Test Results – ASC3 
 Initial Post exposure 
WCA (º) 112.0 112.0 
Roll-off angle (º) 22.5 22.3 
R (%) at 550 nm 8.5 8.5 
T (%) at 550 nm 91.9 91.9 
Table 7.3-Abrasion Resistance Test Results with cheese cloth – ASC3 
 Initial 10 cycles  50 cycles  100 cycles 
WCA (º) 113.0 112.1 113.8 113.6 
Roll-off angle (º) 25.0 16.2 11.8 12.9 
R (%) at 550 nm 8.4 8.1 8.2 8.2 
T (%) at 550 nm 91.6 91.9 91.8 91.8 
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The ASC3 coating was anticipated to have good abrasion resistance under relatively 
soft abrasive materials due to its acceptance by consumers for use on spectacle lenses. 
The results confirm good abrasion resistance with cheese cloth, felt and scour pad under 
10 N load. The coating performance was not degraded or damaged after 100 abrasion 
cycles. The reduction in RoA after 10 cycles of abrasion was possibly due to the 
cleaning effect in nano-scale level by the soft abrasive materials used. The RoA was 
measured and remained within tolerance after further 50 and 100 cycles of abrasion.  
 
 
 
The ASC3 coating was exposed to CS10 abrasion to observe any degradation under 10 
N. The WCA was measured at 102.0º which corresponds to ~10% degradation after 100 
cycles. The RoA was measured at 32.5º, slightly higher than the initial performance.  
Table 7.4-Abrasion Resistance Test Results with felt pad – ASC3 
 Initial 10 cycles  50 cycles  100 cycles 
WCA (º) 113.0 112.5 114.0 113.8 
Roll-off angle (º) 25.0 16.1 15.1 14.8 
R (%) at 550 nm 8.4 8.4 8.4 8.5 
T (%) at 550 nm 91.6 91.6 91.6 91.5 
Table 7.5-Abrasion Resistance Test Results with scour pad – ASC3 
 Initial 10 cycles  50 cycles  100 cycles 
WCA (º) 113.0 112.0 113.7 113.4 
Roll-off angle (º) 25.0 16.8 12.6 15.3 
R (%) at 550 nm 8.4 8.2 8.3 8.3 
T (%) at 550 nm 91.6 91.8 91.7 91.7 
Table 7.6-Abrasion Resistance Test Results with CS10 – ASC3 
 Initial 100 cycles 
WCA (º) 114.0 102.0 
Roll-off angle (º) 25.0 32.5 
R (%) at 550 nm 8.5 8.3 
T (%) at 550 nm 91.5 91.5 
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However, the results shown in Table 7.6 confirm that the coating retained its 
hydrophobicity. There was no significant change in the optical performance. These 
results indicate that the ASC3 coating has an exceptional abrasion resistance.  
 
7.3.3 Sand Impact Test (SIT) 
ASC3 coating was exposed to the SIT with 5 and 90 seconds configurations. No visual 
degradation was observed on the coating or the substrate after the SIT with 5 seconds. 
Table 7.7 shows the results after cleaning with air and with IPA/DI water. Slight 
reduction occurs in transmittance with no cleaning and air cleaning results due to a 
possible scattering caused by the sand/dust particles remaining on the surface. No 
degradation in WCA, roll-off angle and the optical performance of the coating was 
observed after cleaning the surface with IPA/DI water after the SIT process for 5 
seconds exposure. 
 
 
 
Figure 7.1a) shows the water drops scattered over the exposed area of ASC3 coating 
during the WCA measurement to observe any damaged areas on the surface after 
cleaning with IPA/DI water.  
 
Table 7.7-Sand Impact Test Results – ASC3 
 Initial Post SIT-no cleaning 
Post SIT-
cleaning with 
air 
Post SIT-cleaning 
with IPA and DI 
water 
WCA (º) 112.0 - 112.5 111.6 
Roll-off angle (º) 22.5 - - 22.3 
R (%) at 550 nm 8.4 8.5 8.4 8.4 
T (%) at 550 nm 91.6 91.2 91.2 91.6 
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The ASC3 coating samples showed great resilience against the SIT for 5 seconds 
exposure. A new sample of ASC3 coating was exposed to the SIT with 90 seconds 
exposure to compare with the 5 seconds exposure results. Table 7.8 corresponds to the 
results after SIT exposure for 90 seconds. There is a slight reduction in transmittance 
with no cleaning, similar to the results of SIT with 5 seconds exposure. Figure 7.2 
shows the images of water drops during the WCA measurement on the first impact 
point before and after the exposure.  
 
 
 
 
Figure 7.1-a) WCA measurement of ASC3 after SIT b) No change is visible on 
coating surface after cleaning 
Table 7.8-Sand Impact Test Results – ASC3 
 Initial Post SIT-no cleaning 
Post SIT-cleaning 
with IPA and DI 
water 
WCA (º) 112.0 - 111.5 
Roll-off angle (º) 22.5 - 22.7 
R (%) at 550 nm 8.4 8.5 8.4 
T (%) at 550 nm 91.6 91.2 91.6 
a) b) 
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7.3.4 Damp Heat (DH) Test 
The ASC3 coating was exposed to the damp heat test to monitor the durability against a 
high temperature and humidity environment. The hydrophobic performance of the 
coating was degraded significantly after 500 hours of exposure. The WCA was 
measured to be 92.0° after 500 hours which is just above the level regarded as 
hydrophobic. The RoA was increased significantly to 74.0°. Therefore, the DH 
exposure was terminated at this point. The optical performance was not affected during 
the test. Table 7.9 shows the results during the DH exposure.  
 
 
 
Figure 7.3 shows the SEM planar images of the ASC3 coating before and after the DH 
exposure on different points and at different magnifications. The nanoparticles that 
deliver the hydrophobicity and the surface morphology of the coating have decomposed 
due to exposure to high temperature and humidity. This explains the degradation in 
hydrophobic performance. 
 
Figure 7.2-WCA measurement of ASC3 coating on the first impact point a) 
before b) after SIT exposure  
Table 7.9-Damp Heat Test Results – ASC3 
 Initial 125 hours 250 hours 500 hours 
WCA (º) 113.0 105.1 107.1 92.0 
Roll-off angle (º) 28.0 36.2 29.4 74.0 
R (%) at 550 nm 8.4 8.1 8.2 8.3 
T (%) at 550 nm 91.6 91.9 91.8 91.7 
a) b) 
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7.3.5 Thermal Cycling (TC) Test 
The results after the TC exposure on ASC3 coating are shown in Table 7.10. The WCA 
was reduced to 106.5° after 200 cycles of exposure. The RoA was slightly improved 
during this period. ASC3 was exposed to an additional 100 cycles to observe any 
further degradation. No change was observed in both the hydrophobic and optical 
performances after the final 100 cycles. This indicates that ASC3 has a good resistance 
against temperature cycling. 
 
Figure 7.3-SEM images of ASC3 coating a) before DH exposure b) damage on 
coating, c) shows black spots, possibly caused by moisture, d) degradation of 
nanoparticles are apparent e) image of coating shows nanoparticle structure is 
changed and f) damage on nanoparticles visible at 100K magnification  
a) b) 
c) d) 
e) f) 
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7.3.6 UV Exposure Test 
The ASC3 coating was exposed to 500 hours of UV light which is equivalent to ~20 
kWh/m2. The optical and hydrophobic performance was monitored after exposure for 
50, 250 and 500 hours. The coating surface was still hydrophobic with a slightly 
reduced WCA (106.2°) and unchanged RoA (24.8°) after 250 hours of exposure.  
 
 
 
The results shown in Table 7.11 after 500 hours of exposure indicate that the ASC3 
coating has significant degradation. This shows that the coating is very susceptible to 
UV light. The planar view SEM images of the coating in Figure 7.4 confirm the change 
of the ASC3 surface morphology after the UV exposure. The dispersion structure of the 
nanoparticles on ASC3 coating surface appears to be destroyed by the UV light 
exposure. The density of nanoparticles that provides the hydrophobicity is reduced.  
Table 7.10-Thermal Cycling Test Results – ASC3 
 Initial 100 cycles 200 cycles 300 cycles 
WCA (º) 113.0 108.8 106.5 106.5 
Roll-off angle (º) 28.0 27.3 23.2 24.5 
R (%) at 550 nm 8.4 7.9 8.2 7.9 
T (%) at 550 nm 91.6 92.1 91.8 92.1 
Table 7.11-UV Exposure Test Results – ASC3 
 Initial 50 hours 250 hours 500 hours 
WCA (º) 113.0 111.5 106.2 84.4 
Roll-off angle (º) 25.0 22.0 24.8 41.6 
R (%) at 550 nm 8.4 8.5 8.2 8.5 
T (%) at 550 nm 91.6 91.5 91.8 91.5 
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Table 7.11 shows no significant differences in the transmittance and reflectance values 
at 550 nm. However, as illustrated in Figure 7.5, slight degradation in transmittance was 
observed in the UV region of the spectra. There was no visual change on the surface of 
ASC3 coating after the UV exposure. 
 
 
 
7.3.7 Solubility Test   
The ASC3 coating was exposed to the DI water immersion test with extended duration. 
No change was observed in hydrophobic and optical performance of the ASC3 coating 
after 96 hours of DI water immersion which covers the Level 3 severity of BS ISO 
 
Figure 7.4-SEM images of ASC3 coating a) before and b) after UV Exposure 
 
Figure 7.5-Transmittance measurement on ASC3 coating after UV Exposure 
a) b) 
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9211-4:2012. Therefore, the duration of the DI water immersion was extended to a total 
of 400 hours to monitor any degradation of the coating. The WCA and the RoA 
remained unchanged after 200 hours. The average of the WCA was 109.7° over the 
coating surface after the exposure. The minimum and maximum WCA measured were 
106.8° and 111.3°, respectively. An increase of ~74% in RoA was observed after a total 
of 400 hours of DI water immersion. The optical performance remained the same 
during the exposure. The results are shown in Table 7.12. 
 
 
 
The planar view SEM images at different magnifications, shown in Figure 7.6, confirm 
the damage on the ASC3 coating surface that is associated with WCA and RoA 
degradation after 400 hours of DI water immersion. The surface morphology of the 
coating showed significant change after the DI water immersion. The spherical shape of 
nanoparticles before the exposure restructured to net-like pattern. The patterns detected 
were varying at different parts of the sample investigated. Some darker areas were also 
observed on the surface which are thought to be defects caused by the DI water 
immersion. These observations explain the inconsistency of WCA measurements over 
the exposed area. 
 
Table 7.12-DI Water Immersion Test Results – ASC3 
 Initial Post 96 hours  
Post 200 
hours  
Post 400 
hours 
WCA (º) 113.0 114.0 113.7 109.7 
Roll-off angle (º) 28.0 26.6 28.4 48.7 
R (%) at 550 nm 8.4 8.6 8.6 8.6 
T (%) at 550 nm 91.6 91.4 91.4 91.4 
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7.3.8 Rain Drop Simulation Test (RDST) 
The RDST is designed to monitor the behaviour of hydrophobic coatings against rain 
drops for a certain time under laboratory conditions as described in Chapter 3. The 
ASC3 coating was exposed to the RDST with an inclination angle of 45º for 1 minute at 
room temperature. Town water which is less pure than DI water, was used to increase 
the visibility of any possible stains/marks caused after the drying. Table 7.13 shows the 
results after the exposure to RDST.  
 
 
Figure 7.6-SEM images of ASC3 coating showing a) before DI water immersion 
b) at 5K magnification c) a damaged area d) dark areas and change of 
nanoparticle pattern e) change to a different pattern f) change of shape and size 
of nanoparticles after DI water immersion  
a) b) 
c) d) 
e) f) 
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Figure 7.7 shows the surface of the ASC3 coating after exposure and after drying at 
room temperature. A number of water drops that have small volume remain on the 
sample after the exposure as seen in Figure 7.7b). The weight of the water drops was 
insufficient to initiate a rolling movement off the surface. Therefore, the stains occurred 
on the coating surface after drying at room temperature as shown in Figure 7.7c). 
Slightly higher WCA was observed on some areas due to increased roughness created 
on the coating surface after the exposure. 
 
 
 
The inclination angle of the ASC3 coating was increased to 60º to visually observe the 
difference on the surface. Figure 7.8 shows the images of ASC3 coating before and 
after the exposure at a 60° inclination angle. Figure 7.8b) shows that the surface has 
fewer and smaller stains than the sample exposed to RDST at 45° as shown in Figure 
7.7c).  
Table 7.13-Rain Drop Simulation Test Results – ASC3 
 Initial 
Post 
RDST- 
highest 
Post 
RDST- 
lowest 
Post RDST- 
after 
cleaning 
Post RDST-
stain after 
cleaning 
WCA (º) 112.0 116.0 61.0 115.0 98.0 
Roll-off angle (º) 22.5 - 26.2 23.5 26.2 
R (%) at 550 nm 8.4 8.3 8.4 8.4 8.4 
T (%) at 550 nm 91.6 91.7 91.6 91.6 91.6 
 
Figure 7.7-Image of ASC3 coating post RDST exposure with town water at 45° 
inclination angle a) before exposure b) after the exposure showing water drops 
left on the surface and c) stains on the surface after dried at room temperature  
a) b) c) 
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7.3.9 Outdoor Exposure  
The ASC3 coating was exposed to outdoor conditions facing south at an angle of 45° in 
Nottingham, UK for a total of 8 months, from May 2017 to February 2018. The range 
of temperatures during this period was 21.3°C to -0.5°C, a maximum difference of 
21.8°C. Rainfall varied from 85.1 to 46.2 mm each month. Monthly sunshine duration 
ranged from 198.9 to 54.9 hours. Table 7.14 shows the results before cleaning the 
surface of ASC3 coating.  
 
 
 
The measurements of WCA and RoA on uncleaned samples are useful to understand 
the effect of soiling on the hydrophobic performance. It is also helpful to evaluate the 
coating anti-soiling performance through transmittance measurements. However, the 
main objective of outdoor exposure was to monitor the monthly degradation of the 
hydrophobic performance by the combination of environmental factors such as soiling, 
sun light etc., and comparing the results with those obtained from clean surfaces. The 
 
Figure 7.8-Image of ASC3 coating a) before exposure and b) less and smaller 
stains on the surface after drying at RT after the RDST exposure with town 
water at 60° inclination angle  
Table 7.14-Outdoor Results before cleaning – ASC3 
 Initial 1 month  
3 
months 
5 
months 
6 
months 
8 
months 
WCA (º) 113.3 108.2 74.1 78.4 73.3 77.0 
Roll-off angle (º) 22.9 46.0 88.5 >90.0 78.0 >90.0 
R (%) at 550 nm 8.4 8.5 8.2 8.2 8.2 8.3 
T (%) at 550 nm 91.6 91.0 91.4 89.3 90.6 89.6 
b) a) 
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coating surface was cleaned using DI water and IPA with a soft tissue without applying 
force before any measurement. 
 
 
 
Table 7.15 shows the results after cleaning the sample each month. The WCA of the 
clean sample was measured below 90° after 5 months of outdoor exposure. The RoA 
was increased to 78.7° after the month 5. After 6 months of exposure, the WCA is 
measured at 80.3°, means the surface lost its hydrophobicity. The improvement in RoA 
after month 6 is associated with the change of the surface water repellence property of 
the coating. As the coating lost its hydrophobicity, the surface became hydrophilic 
which affected the RoA performance. 
The WCA results measured after cleaning were always higher than the measurements 
before cleaning, except the measurements after months 7 and 8 which was due to loss of 
the hydrophobic property of the coating. Therefore, it can be concluded that soiling 
decreases the WCA of the hydrophobic surface. In contrast, it increases the WCA of a 
hydrophilic surface. 
 
Table 7.15-Outdoor Results after cleaning – ASC3 
 Initial 1 month  
3 
months 
5 
months 
6 
months 
8 
months 
WCA (º) 113.3 111.7 99.0 82.0 80.3 68.0 
Roll-off angle (º) 22.9 33.3 78.8 78.7 53.1 57.2 
R (%) at 550 nm 8.4 8.5 8.2 8.3 8.3 8.3 
T (%) at 550 nm 91.6 91.5 91.8 91.7 91.7 91.7 
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Figure 7.9 shows the transmittance measured on samples exposed to increasing time to 
the outdoor environment and before cleaning. The lowest transmittance was for the 
month 5 (89.3%) with the biggest reduction from the initial transmittance on clean 
surface (2.3%). Figure 7.10 shows the images of the sample exposed to outdoor 
conditions before cleaning after month 1, 3, 5, 6 and 8. The highest soiling (lowest 
transmittance) measured on the ASC3 coating during outdoor exposure after months 5 
and 8 can be distinguished in Figure 7.10c) and e), respectively. 
   
Figure 7.9-Transmittance measurements of ASC3 sample each month before 
and after cleaning 
 
Figure 7.10-Images of ASC3 sample before cleaning after a) 1 month b) 3 
months c) 5 months (lowest transmittance measured) d) 6 months e) 8 months 
b) a) c) d) e) 
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7.4 Test Results of Anti-Soiling Coating 4 (ASC4) 
The ASC4 is ~2µm thick commercially available protective coating against liquid with 
hydrophobic and AR properties, hence expected to have good durability against 
environmental stresses. The glass substrate showed a slight increase in the initial 
transmittance performance (~1% increase) due to AR effect of the coating. The initial 
WCA and RoA were measured to be 106.0±1º and 47.0±3º, respectively. 
 
7.4.1 Tape Adhesion Test 
The Tape adhesion test was applied to ASC4 coating. No performance or visual 
changes were observed after the test. Table 7.16 shows the results after the tape 
adhesion test.  
 
 
 
Figure 7.11 shows the ASC4 coating before and after the test with no peeling or damage 
to the coating surface. 
 
Table 7.16-Tape Adhesion Test Results – ASC4 
 Initial Post exposure 
WCA (º) 106.5 106.3 
Roll-off angle (º) 49.3 52.2 
R (%) at 550 nm 7.2 7.1 
T (%) at 550 nm 92.8 92.9 
a) 
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7.4.2 Abrasion Resistance Test 
ASC4 coating samples were abrasion resistance tested with cheesecloth, felt pad, scour 
pad and CS10 abrasive materials under 10 N load. The coating showed good resistance 
against abrasion with cheesecloth and felt pad. The results shown in Tables 7.17 and 
7.18 confirm no significant change in both hydrophobic and optical performances of the 
ASC4 coating after the cheesecloth and felt pad abrasion. Figure 7.13a) shows the 
sample after 100 cycles of felt pad abrasion. 
 
 
 
 
Figure 7.11-Image of ASC4 sample a) before snapping the tape off the coating, 
and b) after the tape adhesion test, showing no visual change  
Table 7.17-Abrasion Resistance Test Results with cheese cloth – ASC4 
 Initial 10 cycles  50 cycles  100 cycles 
WCA (º) 106.8 105.3 105.0 104.1 
Roll-off angle (º) 49.3 52.5 52.1 48.8 
R (%) at 550 nm 7.2 7.2 7.4 7.3 
T (%) at 550 nm 92.8 92.8 92.6 92.7 
b) a) 
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The scour pad abrasion results in Table 7.19 show that the ASC4 coating is vulnerable 
against abrasion with slightly harder abrasive materials. The WCA was reduced to just 
above the hydrophobicity threshold. The RoA was increased by ~27% after 100 
abrasion cycles.   
 
 
 
The reflectance of ASC4 coating was measured 7.2% at wavelength of 550 nm which is 
lower than a reflection of an uncoated glass (typically ~8.3% for the substrate used). 
However, after 50 cycles of scour pad abrasion, the reflectance was measured at 8.1%, 
which is a similar reflectance of uncoated glass. After total of 100 cycles, the damage to 
the coating surface has limited the light passing through. The transmittance was 
measured at 90.6% after 100 cycles of scour pad abrasion. Figure 7.12a) shows the 
damage on the surface of the ASC4 coating. Although the surface was theoretically 
hydrophobic (>90°), disruption to the sphere-shaped water drop was observed as 
illustrated in Figure 7.12b). The water drop sat on a wider area causing an elliptic drop 
shape on the substrate possibly due to the scratches formed after scour pad abrasion. 
 
Table 7.18-Abrasion Resistance Test Results with felt pad – ASC4 
 Initial 10 cycles  50 cycles  100 cycles 
WCA (º) 106.8 105.7 105.0 104.5 
Roll-off angle (º) 49.3 51.2 51.5 46.4 
R (%) at 550 nm 7.2 7.3 7.4 7.3 
T (%) at 550 nm 92.8 92.7 92.6 92.7 
Table 7.19-Abrasion Resistance Test Results with scour pad – ASC4 
 Initial 10 cycles  50 cycles  100 cycles 
WCA (º) 106.8 105.1 100.9 93.0 
Roll-off angle (º) 49.3 46.9 52.2 62.4 
R (%) at 550 nm 7.2 7.2 8.1 9.4 
T (%) at 550 nm 92.8 92.8 91.8 90.6 
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The ASC4 coating did not perform well after the CS10 abrasion under 10 N load as 
indicated in Table 7.20. The WCA was measured 77.6° after 50 cycles of abrasion. The 
RoA was measured lower than the RoA after 10 cycles of abrasion. This was due to 
coating removal during the abrasion cycles. Figure 7.13b) shows the sample after 50 
cycles of CS10 abrasion. The abrasion observed is caused by damage to the underlying 
glass substrate.  
 
 
 
 
Figure 7.12-a) Image of ASC4 sample after 100 abrasion cycles with scour pad  
b) Shape of water drop on abraded area during WCA measurement 
Table 7.20-Abrasion Resistance Test Results with CS10 – ASC4 
 Initial 10 cycles  50 cycles  
WCA (º) 106.8 102.4 77.6 
Roll-off angle (º) 49.3 56.6 49.8 
R (%) at 550 nm 7.2 7.4 7.8 
T (%) at 550 nm 92.8 92.6 92.2 
a) 
b) 
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7.4.3 Damp Heat (DH) Test 
The damp heat test was applied to the ASC4 coating for a total of 1000 hours. The 
coating showed a gradual degradation over time but retained its hydrophobicity even 
after 1000 hours of exposure. The RoA was improved after 500 hours of exposure. 
After a further 500 hours of exposure, the RoA was measured at 63.5°, corresponding to 
a total ~27% degradation. The increase in RoA could be due to the cavities observed on 
the coating surface after 1000 hours of exposure as shown in Figure 7.14. 
 
 
 
The optical performance was improved as a result of heat annealing of the coating. 
Table 7.21 shows the results of DH test on ASC4 coating. 
 
 
Figure 7.13-Image of ASC4 sample a) after 100 abrasion cycles with felt pad 
showing no visible change on the coating surface b) severe damage on abraded 
area after 50 abrasion cycles with CS10 
Table 7.21-Damp Heat Test Results – ASC4 
 Initial 100 hours 250 hours 500 hours 1000 hours 
WCA (º) 106.5 105.6 103.6 99.5 91.5 
Roll-off angle (º) 50.0 43.3 40.3 35.7 63.5 
R (%) at 550 nm 7.0 7.0 7.0 6.7 6.5 
T (%) at 550 nm 93.0 93.0 93.0 93.3 93.5 
a) b) 
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Figure 7.14 shows planar view SEM images of the ASC4 coating before and after 1000 
hours of DH exposure. The coating started to craze, and this then led to numerous voids 
and defects on the surface of the coating after the exposure. These cavities were 
possibly the reason for the degradation in the hydrophobic performance. The 
appearance of cavities could also be the reason for the improvement of the anti-
reflection effect.  The air pockets will have reduced the refractive index of the coating.  
 
7.4.4 Thermal Cycling (TC) Test 
The ASC4 coating was exposed to 200 cycles of thermal cycling test. Table 7.22 shows 
the results after 100 and 200 cycles of exposure. Only slight degradation was observed 
after the thermal cycling tests, suggesting that ASC4 coating is resistant to temperature 
cycling.  
 
 
 
 
Figure 7.14-SEM images of ASC4 a) before and b) after 1000 hours of DH 
exposure 
Table 7.22-Thermal Cycling Test Results – ASC4 
 Initial 100 cycles 200 cycles 
WCA (º) 106.0 103.6 104.1 
Roll-off angle (º) 49.3 38.2 46.4 
R (%) at 550 nm 7.2 7.0 6.9 
T (%) at 550 nm 92.8 93.0 93.1 
a) b) 
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7.4.5 UV Exposure Test 
The ASC4 coating was exposed to UV light for a total of 500 hours. The results shown 
in Table 7.23 indicate that the ASC4 coating has good resistance against UV light 
exposure. The WCA was only reduced by 2.7° after the exposure. The RoA showed an 
improvement due to coating annealing by heat. The temperature of the UV chamber 
was measured to be ~40±5°C. 
 
 
 
Figure 7.15 shows a planar view SEM images of the ASC4 coating before and after the 
UV exposure. No significant difference was observed consistent with the results shown 
in Table 7.23.  
 
 
 
7.4.6 Solubility Test   
As intended application for a protective coating, design of ASC4 requires a good 
durability against water contact. The solubility performance of the coating was 
Table 7.23-UV Exposure Test Results – ASC4 
 Initial 50 hours 250 hours 500 hours 
WCA (º) 106.8 106.4 105.3 104.1 
Roll-off angle (º) 49.3 33.2 22.3 21.0 
R (%) at 550 nm 7.2 7.0 6.8 7.0 
T (%) at 550 nm 92.8 93.0 93.2 93.0 
 
Figure 7.15-SEM images of ASC4 a) before and b) after UV Exposure, showing 
no significant difference on the surface of the coating  
a) b) 
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monitored with DI water immersion test. Table 7.24 shows the results of ASC4 coating 
after 200 hours of immersion in the DI water at room temperature. 
 
 
 
The WCA was reduced by ~6% and measured 100.8° after the exposure. The RoA had 
a significant increase in the first 50 hours of exposure. The total degradation was ~54% 
after 200 hours of immersion. The optical performance was not affected after the DI 
water immersion test. As explained in Section 7.2.2, the ASC4 coating was designed to 
act as a protective coating. Though the WCA and RoA were degraded, the coating was 
still intact and visible after the exposure. Figure 7.16 shows the images of the sample 
before and after the DI water immersion test, confirming the presence of ASC4 coating.  
 
 
 
Table 7.24-Solubility Test Results – Immersion in DI water – ASC4 
 Initial 50 hours 100 hours 200 hours 
WCA (º) 106.5 104.6 103.3 100.8 
Roll-off angle (º) 49.3 68.9 72.5 75.8 
R (%) at 550 nm 7.0 7.0 7.0 6.8 
T (%) at 550 nm 93.0 93.0 93.0 93.2 
 
Figure 7.16-Image of ASC4 sample a) before and b) no visual change on the 
coating surface after DI water immersion 
a) b) 
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7.4.7 Outdoor Exposure 
The ASC4 coating was exposed to outdoor conditions facing south at an angle of 45º in 
Nottingham, UK from May 2017 to February 2018. The range of temperatures during 
this period was 21.3°C to -0.5°C, with a maximum difference of 21.8°C. Rainfall varied 
from 85.1 to 46.2 mm for each month. Sunshine duration ranged from 198.9 to 54.9 
hours per month. Table 7.25 shows the results before cleaning the surface of ASC4 
coating. 
 
 
 
The transmittance of an uncleaned surface was measured every month to monitor the 
anti-soiling performance of the ASC4 coating. As seen in Figure 7.17, the lowest 
transmittance measured was after month 5 (90.3%) with the highest reduction in 
transmittance between the cleaned and uncleaned surfaces (2.8%).  
 
 
 
The degradation of the hydrophobic performance can be observed with the results 
measured on the cleaned surface as shown in Table 7.26. The WCA was measured at 
90.0° at the end of the exposure, still retaining its hydrophobicity. The RoA after month 
5 and month 6 show slight difference. This could be due to the measurement error after 
month 5. The WCA of the ASC4 coating did not show significant difference before and 
Table 7.25-Outdoor Results before cleaning – ASC4 
 Initial 1 month  
3 
months 
5 
months 
6 
months 
8 
months 
WCA (º) 106.8 91.7 79.5 84.5 90.6 91.0 
Roll-off angle (º) 45.2 54.8 >90.0 >90.0 61.6 >90.0 
R (%) at 550 nm 7.0 7.0 6.9 6.9 6.9 6.9 
T (%) at 550 nm 93.0 92.1 92.4 90.3 91.9 91.0 
Table 7.26-Outdoor Results after cleaning – ASC4 
 Initial 1 month  
3 
months 
5 
months 
6 
months 
8 
months 
WCA (º) 106.8 98.6 93.6 91.1 93.1 90.0 
Roll-off angle (º) 45.2 50.5 52.4 66.2 47.0 43.8 
R (%) at 550 nm 7.0 7.0 6.8 6.9 6.8 6.8 
T (%) at 550 nm 93.0 93.0 93.2 93.1 93.2 93.2 
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after cleaning after months 6, 7 and 8. However, the RoA measured on the cleaned 
surface was lower than the RoA measured on the uncleaned surface after each month. 
Figure 7.18 shows the water drops on ASC4 coating surface before and after cleaning 
after month 8. 
 
 
 
 
 
 
 
 
 
   
Figure 7.17-Transmittance measurements of ASC4 sample each month before 
and after cleaning 
 
Figure 7.18-WCA measurement on ASC4 sample a) before cleaning after 8 
months b) post cleaning after 8 months  
a) b) 
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7.5 Test Results of Anti-Soiling Coating 5 (ASC5) 
The ASC5 coating is ~20±5 nm thick and widely used to coat spectacle lenses and front 
surface of electronic displays to achieve a fingerprint-free and hydrophobic surfaces.  
The ASC4 coating showed no difference in initial optical performance in comparison to 
uncoated substrate. The WCA and RoA is measured to be 118.0±1º and 22.0±3º, 
respectively. Thus, a relatively good hydrophobicity (hence, lower surface energy) 
suggests a potential use on PV cover glass.  
The coating was characterised before stress tests conducted due to its different surface 
morphology. The SEM analysis showed the presence of nano-particles (NPs) dispersed 
on the surface of the ASC5 coating before exposure to any test, as shown in Figure 
7.19a). The size and distribution per area of NPs was estimated by using the ImageJ 
software. The NPs distribution was found to be 1.06e+8 NPs/cm2 with the mean particle 
size (xc) of ~36 nm. Figure 7.20 shows the diameter of the NPs and their frequency of 
occurrence. The STEM analysis confirms the presence of the nanoparticles placed on 
the surface of the coating in Figure 7.19b).  
The hydrophobic coatings were deposited as supplied on a 1 mm thick glass substrate 
by thermal evaporation under vacuum.  
 
 
 
 
Figure 7.19-a) NPs are visibly dispersed on ASC5 coating in the SEM planar 
view image b) STEM cross-sectional image of the coating 
a) b) 
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7.5.1 Tape Adhesion Test 
Tape adhesion test results show that no delamination or performance degradation 
occurred on the ASC5 coating surface. Table 7.27 shows the results before and after the 
test. Figure 7.21 shows an optical image of the ASC5 coating sample before and after 
the test. 
 
 
 
 
Figure 7.20-Representative NPs size distribution estimated on the SEM 
captured sample area in Figure 7.19a) 
Table 7.27-Tape Adhesion Test Results – ASC5 
 Initial Post exposure 
WCA (º) 118.5 118.8 
Roll-off angle (º) 25.3 25.0 
R (%) at 550 nm 8.0 8.1 
T (%) at 550 nm 92.0 91.9 
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7.5.2 Abrasion Resistance Test 
A reciprocating abrader was used to evaluate the resistance against abrasion. 
Cheesecloth, felt pad, CS8 and CS10 were used as abrasive materials. The applied load 
was 10 N for each material. Table 7.28 shows the results after the abrasion with 
cheesecloth. The ASC5 coating showed only ~1% reduction of initial WCA after 400 
cycles of abrasion with cheesecloth with a 10 N load. The improvement in RoA was 
observed after the first 50 cycles due to a possible cleaning of the surface during the 
abrasion. 
 
 
 
Felt pad abrasion with a 10 N load was applied for a comparison of different materials 
abrasion on ASC5 samples. Table 7.29 shows the results after a total of 600 cycles of a 
felt pad abrasion with 100 cycles intervals. The results show that there is no difference 
 
Figure 7.21-Image of ASC5 sample a) before tape adhesion test and b) no 
visible degradation after the tape adhesion test  
Table 7.28-Abrasion Resistance Test Results with cheese cloth – ASC5 
 Initial 50 cycles  
100 
cycles  
200 
cycles 
300 
cycles 
400 
cycles 
WCA (º) 118.8 118.0 117.8 118.0 117.9 117.4 
Roll-off angle (º) 20.6 13.9 12.2 12.6 11.1 10.5 
R (%) at 550 nm 8.3 8.1 8.1 8.1 8.1 8.1 
T (%) at 550 nm 91.7 91.9 91.9 91.9 91.9 91.9 
a) b) 
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between the cheesecloth and the felt pad abrasion after 400 cycles. After further 200 
cycles of felt pad abrasion, the RoA was increased slightly, though still at the same 
level as before the abrasion test. 
 
 
 
The felt pad and cheesecloth abrasion results confirmed the exceptional abrasion 
resistance of the ASC5 coating. Additionally, the CS8 and CS10 abrasive materials 
were used to assess the ASC5 coating durability against harder materials. Tables 7.30 
and 7.31 show the results before and after 10, 50, 100, 200 and 300 cycles of abrasion 
using CS8 and CS10 with a 10 N load.  
 
 
 
After 300 cycles of abrasion with CS8 and CS10, the WCA was significantly reduced. 
The RoA is increased to 45.8° after 200 cycles of CS8 abrasion and this indicates 
damage has occurred to the coating. The RoA is reduced slightly to 24.9° after a further 
100 cycles. Similar behaviour was observed after the abrasion with CS10. This was 
found to be related to the extent of the structural damage to the coating including 
complete coating removal. The surface remained hydrophobic after 200 cycles, but after 
an additional 100 cycles, it had become water permeable, leading to a sharp reduction in 
WCA. This also led to a reduction in RoA (24.9°) due to hydrophilic behaviour of the 
Table 7.29-Abrasion Resistance Test Results with felt pad – ASC5 
 Initial 100 cycles  
200 
cycles 
300 
cycles 
400 
cycles 
500 
cycles 
600 
cycles 
WCA (º) 118.8 117.9 118.1 117.6 117.4 118.1 117.0 
Roll-off angle (º) 20.6 13.0 13.1 15.4 11.6 9.7 19.9 
R (%) at 550 nm 8.3 8.1 8.1 8.0 8.1 8.1 8.0 
T (%) at 550 nm 91.7 91.9 91.9 92.0 91.9 91.9 92.0 
Table 7.30-Abrasion Resistance Test Results with CS8 – ASC5 
 Initial 10 cycles  
50 
cycles  
100 
cycles 
200 
cycles 
300 
cycles 
WCA (º) 118.8 113.0 108.1 105.8 94.1 58.1 
Roll-off angle (º) 20.6 22.3 22.8 26.0 45.8 24.9 
R (%) at 550 nm 8.3 8.1 8.0 8.0 8.1 8.0 
T (%) at 550 nm 91.7 91.9 92.0 92.0 91.9 92.0 
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surface. This suggests that damage from abrasion has partially removed the coating, 
affecting its ability to repel water.  
 
 
 
Figure 7.22 shows the difference between the WCA and RoA measurements, after 
CS10 and felt pad abrasion with a 10 N load. 
 
 
 
7.5.3 Sand Impact Test 
The ASC5 coating was exposed to the SIT for 90 seconds. Table 7.32 shows the results 
after SIT and post-cleaning as well as the lowest and highest measured parameters over 
the exposed area. 
 
Table 7.31-Abrasion Resistance Test Results with CS10 – ASC5 
 Initial 10 cycles  
50 
cycles  
100 
cycles 
200 
cycles 
300 
cycles 
WCA (º) 118.8 111.4 107.2 105.9 101.3 66.0 
Roll-off angle (º) 20.6 22.3 25.4 29.8 47.1 32.5 
R (%) at 550 nm 8.3 8.0 8.0 8.1 8.2 8.1 
T (%) at 550 nm 91.7 92.0 92.0 91.9 91.8 91.9 
 
Figure 7.22-Hydrophobic performance before and after abrasion with CS10 
and Felt Pad 
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The hydrophobic performance of ASC5 coating was reduced slightly after the SIT 
exposure. The mean WCA and RoA values were measured to be 115.4° and 27.6°, 
respectively. Figure 7.23a) shows the discolouration on the surface of the ASC5 coating 
sample after exposure to the SIT. Figure 7.23b) shows the same sample after cleaning 
with DI water and IPA. The exposed area was marked for accurate measurement of the 
parameters. 
 
 
 
Discolouration (whitening/frosting) occurred on the surface of the coating after the SIT, 
but this was easily removed after cleaning as shown in Figure 7.23b). No degradation 
was observed in the optical performance after cleaning the coating surface.  
 
Table 7.32-Sand Impact Test Results – ASC5  
 Initial 
Post SIT-cleaning 
with IPA and DI 
water 
Lowest 
Measured 
Highest 
Measured 
WCA (º) 118.6 115.4 113.2 117.6 
Roll-off angle (º) 20.7 27.6 22.1 35.9 
R (%) at 550 nm 8.3 8.2 8.1 8.2 
T (%) at 550 nm 91.7 91.8 91.9 91.8 
 
Figure 7.23-Images of ASC5 coating after SIT a) before cleaning b) after 
cleaning with DI water 
a) b) 
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7.5.4 Damp Heat (DH) Test 
The ASC5 coatings were exposed to the damp heat test at 85ºC/85% relative humidity 
for 4000 hours. Table 7.33 shows the intermediate checks performed after 10, 500 and 
1000, 2000 and 3000 hours of exposure. Figure 7.24 shows the hydrophobic and optical 
performance against exposure to damp heat at 1000 hours intervals. The results showed 
that the coating is resilient to high temperature and high humidity conditions. After 
4000 hours of exposure, the WCA was reduced by only 2%. The water RoA was 
improved slightly, possibly due to the coating being annealed during the damp heat 
exposure. No effect on the optical transmittance was observed. 
 
 
 
 
 
Table 7.33-Damp Heat Test Results – ASC5 
 Initial 100 hours  
500 
hours 
1000 
hours 
2000 
hours 
3000 
hours 
4000 
hours 
WCA (º) 118.5 118.4 118.5 118.6 118.5 117.9 116.1 
Roll-off angle (º) 25.3 27.4 22.8 19.7 20.8 16.4 15.7 
R (%) at 550 nm 8.0 8.2 8.4 8.3 8.0 8.1 8.1 
T (%) at 550 nm 92.0 91.8 91.6 91.7 92.0 91.9 91.9 
 
Figure 7.24-Optical and hydrophobic performance of ASC5 during Damp Heat 
Exposure 
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7.5.5 Thermal Cycling (TC) Test 
The durability of the ASC5 coating against stresses caused by extreme temperature 
changes was assessed. ASC5 coating was exposed to TC for a total of 1000 cycles. 
Table 7.34 shows the results of the thermal cycling exposure.  
 
 
 
Figure 7.25 shows the hydrophobic and optical performances, with intermediate checks 
at 100 cycle intervals. The results showed that the hydrophobic and optical performance 
of the coating was unaffected after 1000 cycles of TC exposure. The RoA after 1000 
cycles was measured slightly lower than initial RoA.  
 
 
 
Table 7.34-Thermal Cycling Test Results – ASC5 
 Initial 100 cycles 
200 
cycles 
400 
cycles 
600 
cycles 
800 
cycles 
1000 
cycles 
WCA (º) 118.7 118.3 118.1 118.7 118.0 118.0 117.3 
Roll-off angle (º) 25.0 24.2 32.0 33.3 27.8 18.4 17.7 
R (%) at 550 nm 8.1 8.2 8.4 8.5 8.2 8.3 8.2 
T (%) at 550 nm 91.9 91.8 91.6 91.5 91.8 91.7 91.8 
 
Figure 7.25-Optical and hydrophobic performance of ASC5 during Thermal 
Cycling Exposure 
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7.5.6 UV Exposure Test 
The UV Exposure test described in IEC 61215-2:2016 was applied to the coatings. The 
ASC5 coating was exposed for 500 hours which is equivalent to ~20 kWh/m2 of UV 
light. Table 7.35 and Figure 7.26 show the results of the ASC5 coating after 50, 100, 
250 and 500 hrs of UV exposure. The WCA was reduced to 87.0º and the RoA 
increased to 60.5º after the exposure.  
 
 
 
 
 
The surface chemical composition was also analysed to observe any corresponding 
changes in the composition. The XPS surface analysis was performed on the 
hydrophobic coating before and after the UV exposure test. 
Figure 7.27 shows the high resolution XPS scan of the C1s peak. After the UV 
exposure, a strong reduction in F1s concentration was detected, from ~40 to ~26 At%. 
Table 7.35-UV Exposure Test Results – ASC5 
 Initial 50 hours 100 hours 250 hours 500 hours 
WCA (º) 118.4 117.3 115.6 105.7 87.0 
Roll-off angle (º) 18.5 15.3 15.4 42.1 60.5 
R (%) at 550 nm 8.4 8.1 8.1 8.1 8.1 
T (%) at 550 nm 91.6 91.9 91.9 91.9 91.9 
 
Figure 7.26-Optical and hydrophobic performance of ASC5 during UV 
Exposure 
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The CF3/CF2 contribution (~294-292 eV) decreased in favour of the C-C/-C-O 
functional groups (~286-284.8 eV). This is shown by the increase in O1s concentration, 
from ~26 to ~34 At%, as seen in Figure 7.27. This loss of fluorine in the chemistry of 
the surface corresponds to the reduction in WCA, and the degradation of the 
hydrophobic properties of the coating. 
 
 
 
The hydrophobic performance of the coating was related to the presence of the NPs 
distributed on the surface of the coating. The SEM image after UV exposure confirms 
the drastic reduction of NPs on the surface of the coating. In addition, the loss of 
fluorine in the content of the coating was found to be directly correlated to the reduction 
of NPs present on the surfaces. The NPs were not visible/detectable on the surface, 
while the formation of pockets and dark spots occurred, as shown in Figure 7.28b).  
 
 
Figure 7.27-XPS spectra of the ASC5 coating before and after 500 hours of UV 
Exposure 
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7.5.7 Solubility Test   
The ASC5 samples were immersed in deionised (DI) water to assess the performance of 
the coating against the exposure to water. The total duration of the test was 1000 hours. 
The performance of the coating was measured at 50, 100 hours, and thereafter at 200 
hours intervals. Figure 7.29 shows the results during the exposure.  
 
 
 
The coating showed exceptional resistance to damage from DI water exposure with 
only a 3º drop in WCA and no change in RoA and optical performance. The results 
show that the water repellency of the surface will not be affected in rainy climates. 
 
 
Figure 7.28-SEM images of the ASC5 coating a) NPs present before and b) NPs 
not visible on the surface after 500 hours of UV Exposure 
 
Figure 7.29-Optical and hydrophobic performance of the ASC5 coating during 
DI water Immersion 
a) b) 
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7.5.8 Outdoor Exposure 
ASC5 coatings were exposed to outdoor conditions facing south at an angle of 45º in 
Nottingham, UK from July 2017 to April 2018. The range of temperatures during this 
period was 21.3ºC to -0.5ºC, with a maximum difference of 21.8ºC. Rainfall varied 
from 85.1 to 46.2 mm for each month. Sunshine duration per month ranged from 178.5 
to 54.9 hours. 
Local weather data confirmed that no extreme conditions occurred that would exceed 
the indoor stress tests. The optical performance and hydrophobicity of each sample was 
measured monthly, before and after cleaning. The ASC5 coatings were cleaned using 
DI water and IPA with a soft tissue without applying force. After eight months of 
exposure, the hydrophobicity was reduced considerably on both the cleaned and 
uncleaned surfaces. The WCA showed ~31% degradation. The RoA was increased by 
~64.0º and measured at 84.0º. Tables 7.36 and 7.37 show the results at 1, 3, 6 and 7 
months intervals before and after cleaning, respectively. 
 
 
 
 
 
Figure 7.30 shows the change in the optical and hydrophobic performance of the 
cleaned samples, over a period of 8 months. The graph shows that the hydrophobic 
performance of the coating was degraded by the outdoor exposure. After month 6, the 
Table 7.36-Outdoor Results before cleaning – ASC5 
 Initial 1 month  
3 
months 
6 
months 
7 
months 
8 
months 
WCA (º) 118.5 108.4 89.3 87.3 79.6 71.4 
Roll-off angle (º) 19.4 54.8 >90.0 >90.0 >90.0 >90.0 
R (%) at 550 nm 8.4 8.4 8.0 8.0 8.0 8.2 
T (%) at 550 nm 91.6 90.9 90.5 90.6 89.0 90.1 
Table 7.37-Outdoor Results after cleaning – ASC5 
 Initial 1 month  
3 
months 
6 
months 
7 
months 
8 
months 
WCA (º) 118.5 113.4 101.1 81.4 67.3 57.9 
Roll-off angle (º) 19.4 27.9 66.8 83.7 68.9 64.3 
R (%) at 550 nm 8.4 8.2 8.3 8.2 8.3 8.3 
T (%) at 550 nm 91.6 91.8 91.7 91.8 91.7 91.7 
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RoA measured at 83.7°, the highest value of the coating during exposure. After month 6, 
the surface lost its hydrophobicity completely, and the RoA started to improve. This is 
due to the change in the behaviour of the water drop placed on the hydrophilic surface. 
After cleaning, the optical transmittance of the coating remained unchanged. 
 
 
 
Figure 7.31 shows the transmittance measured before and after cleaning the sample to 
monitor the anti-soiling performance of the ASC5 coating. The lowest transmittance 
measured was 89.0% after month 7 (210 days) before cleaning.  
 
 
Figure 7.30-Optical and hydrophobic performance of ASC5 during outdoor 
exposure  
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The outdoor exposure can be considered as a combination of UV light, heat, 
temperature cycling and DI water immersion stresses. The ASC5 coating has shown 
good performance against high temperature and humidity, temperature cycling and DI 
water immersion. However, it demonstrated a poor performance against the UV 
exposure test. Therefore, the ASC5 coatings were analysed using SEM and STEM 
image analysis to compare the changes in the distribution of NPs present on the surface 
after outdoor exposure. Figure 7.32 confirms the reduction of NPs on the hydrophobic 
surfaces after outdoor exposure. The NPs removed during outdoor exposure and the 
formation of dark spots, similar to those seen in Figure 7.28 after UV exposure, is 
observed on the surface of the samples in Figure 7.32a). 
 
 
Figure 7.31-Transmittance measurements of the ASC5 sample each month 
before and after cleaning 
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7.6 Discussion and Conclusion 
Hydrophobic coatings are commonly used in many different industries for a variety of 
purposes. The ophthalmic and electronic industries utilise water repellent and anti-
fingerprint properties of hydrophobic coatings whilst wood and metal industries use 
them as a protective coating. Soiling is currently one of the most important issues 
confronting the PV industry. In theory, commercially available hydrophobic coatings 
can be used as anti-soiling coatings due to their low surface energy. However, it is 
important that the hydrophobic performance of these coatings is maintained for a 
reasonable time due to the environmental factors that PV modules experience during 
their lifetime. Ideally, this would match the lifetime of the module. However, if this is 
not technically feasible, the periods between re-application of the coating must be 
established.  
In this chapter, we have tested the performance of three different hydrophobic coatings 
used in the wood, ophthalmic and display industries. ASC3 and ASC5 were transparent 
 
 
Figure 7.32-a) NPs are not visible on ASC5 coating following outdoor exposure 
in the SEM planar view image b) STEM image of a coating cross-section with 
no NPs present 
a) 
b) 
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coatings, whilst ASC4 coating had AR property providing an increased transmittance 
when applied on glass substrate. The coatings suitability for use on a PV module cover 
glass was assessed. ASC3 and ASC5 coatings were both designed to be used on 
spectacle lenses and had similarities in terms of achieving hydrophobicity on coating 
surface.  
The ASC3 coating showed good adhesion to glass substrate with no reduction in 
performance after the tape adhesion test. The abrasion resistance test with cheesecloth, 
felt pad and scour pad did not affect the hydrophobic and optical performance of the 
ASC3 coating. A slight reduction in WCA and RoA was observed after a total of 100 
abrasion cycles with CS10 under 10 N load. However, the ASC3 coating retained its 
hydrophobicity and showed excellent abrasion resistance. The optical performance did 
not degrade after the abrasion test with the different abrasive materials used. No 
significant degradation occurred in both the hydrophobic and optical performance after 
the SIT exposure, which confirms the exceptional mechanical durability of ASC3 
coating. The DH test results show that the ASC3 is susceptible to high temperature and 
humidity. The hydrophobic performance showed significant degradation after exposure 
to DH test for a total of 500 hours due to decomposition of the coating surface structure. 
The SEM images after the exposure clearly revealed the destruction of the nanoparticles 
of the coating which provides the hydrophobicity. The optical performance of the ASC3 
coating was not affected after the test. The coating showed good durability performance 
against temperature cycling after 300 cycles of exposure. The UV exposure caused a 
substantial degradation in the hydrophobic performance of ASC3 coating. The coating 
lost its hydrophobicity after a total of ~20kWh/m2 UV light exposure. The images 
obtained by SEM showed the difference in NPs dispersion and defects on the surface. 
The transmittance measurements showed that the optical performance in the UV region 
was also reduced. The design of ASC3 coatings were mainly for application on 
spectacle lenses which does not normally involve long periods of outdoor and UV 
exposure. Thus, the durability against UV and outdoor should be improved for use in 
PV applications. The results of DI water immersion showed that the WCA of the 
coatings was slightly reduced after 400 hours. However, the SEM images revealed that 
nanoparticles present showed significant change in the surface morphology which can 
be correlated to the degradation in RoA performance. The RDST results confirmed that 
the stain left on ASC3 coating after drying reduced the hydrophobic performance of the 
coating. The samples exposed to RDST confirmed that the RoA is critical for 
 Chapter 7: Degradation of Hydrophobic Coatings Developed for Other Applications 
210 
 
hydrophobic coating to keep the surface dry. The ASC3 coating results on clean 
samples showed that the outdoor exposure degraded the hydrophobic performance 
significantly after 5 months. Transmittance measurements on soiled samples show that 
the highest soiling (2.3%) was measured after month 5.  
The tape adhesion test results confirmed good adhesion of ASC4 to glass substrate. The 
coating showed good resistance against cheesecloth and felt pad abrasion test. However, 
due to the hardness of the material, the coating surface was scratched by the scour pad. 
This led to a significant reduction in WCA and RoA. Nevertheless, the coating retained 
its hydrophobic performance. The optical performance of the ASC4 coating after scour 
pad abrasion was reduced by ~2%, possibly due to scattering of the light. The CS10 
abrasive material also reduced the hydrophobic performance of the coating after 50 
cycles. DH exposure lowered the hydrophobicity level of the coating after a total of 
1000 hours. The WCA and RoA dropped to 91.5° and 63.5°, respectively. The coating 
was still intact, proving that ASC4 can work as a good protective coating, though some 
defects, such as crazing on the coating surface that degrade the performance of the 
coating, were observed in the SEM images [195]. However, the optical performance 
was improved due to annealing of the coating by heat. The TC test results showed that 
ASC4 coating had good resistance against temperature cycling. The WCA and RoA did 
not show significant degradation after 200 cycles of TC exposure. The WCA was 
reduced slightly, but the RoA showed a significant improvement after UV exposure. 
The SEM images of the coating before and after exposure did not show a substantial 
difference. The RoA of the ASC4 coating showed a considerable increase after 50 hours 
of DI water immersion. The WCA was degraded by ~6% after the exposure. The optical 
performance was not affected after the UV and DI water exposure tests. Outdoor 
exposure results showed that the WCA reduced to 93.6° after 3 months and remained at 
a similar level after month 8. The increase in RoA measurement of the clean ASC4 
coating after month 5 is possibly due to measurement error. The cleaning method may 
not have been effective due to the high soiling rate in that period. The highest 
transmittance reduction on the ASC4 coating surface due to soiling was recorded 2.7% 
after the month 5. The WCA of the ASC4 coating was reduced to 90.0°, whereas the 
RoA was remained at the same level as the initial value after 8 months of outdoor 
exposure.  
The ASC5 coating showed no peeling or degradation after the tape adhesion test 
confirming good coating adhesion. A total of 400 cycles of cheesecloth abrasion and 
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600 hours cycles of felt pad abrasion test confirmed good resistance against these 
abrasive materials. The use of industry standard abrasive materials such as CS10 
severely damaged the coating and affected the hydrophobic performance. However, the 
coating remained hydrophobic even after 200 abrasion cycles. The results after 
exposure to SIT showed excellent durability against sand abrasion. The hydrophobic 
performance of the ASC5 coating reduced slightly. The optical performance showed no 
degradation after the SIT. The coating was exposed to damp heat for a period exceeding 
the standard PV qualification test duration which is 1000 hours for PV modules. No 
degradation was observed after 4000 hours of exposure. The coating showed no 
degradation in performance after 1000 cycles of TC exposure which is 5 times greater 
than the standard exposure. These results indicate that the ASC5 coating has good 
durability against extreme environmental conditions. The results after immersion in DI 
water showed that the coating has excellent durability against water. The UV exposure 
tests revealed that the coating is susceptible to damage on exposure to UV light. 
Significant degradation in both WCA and RoA was observed. XPS analysis revealed a 
clear reduction in fluorine [196] [197] in the composition of the coating after exposure 
to UV and outdoor testing. SEM analysis showed that nanoparticles had also been 
removed [198]. This explains the resulting reduction in water contact angle. Outdoor 
exposure caused degradation in WCA and RoA before and after cleaning. The 
degradation is likely to be caused by UV exposure in sunlight correlating with the 
effects observed in laboratory tests.  
The test results of the hydrophobic coatings sourced from other areas of application 
showed that each coating has its own strength and weaknesses. ASC3 coating showed 
good abrasion resistance, but was susceptible to UV exposure. Therefore, its use as an 
anti-soiling coating on PV module cover glass would not result in good performance 
even over a short period of time. The ASC4 coating showed different abrasion 
resistance against different materials. It also demonstrated poor performance against 
high temperature and humidity, suggesting that local weather conditions play important 
role for the durability of the coating. ASC5 coating also showed vulnerability against 
UV exposure similar to the ASC3 coating. Although results for transparency, water 
contact and roll off angle were initially promising, all three coatings showed issues with 
the durability tests. If any alteration in the coatings’ formulation can be made to 
improve the durability against these stresses, then using these coatings on PV modules 
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can be considered. However, it appears that coating development is required to 
formulate a hydrophobic coating that will meet the special demands of solar cover glass. 
  
8 Conclusions and Future Work 
8.1 Conclusions 
Reflection and soiling on the front surface of PV cover glass are the two main reasons 
causing losses in transmission of light into the PV systems. More than 4% of the total 
light is reflected from the PV cover glass which directly reduces the energy output. The 
soiling is a growing concern in the PV industry, particularly in the regions where the 
solar energy potential is at the highest level. The reduction of power output of PV 
modules is reaching up to 1% per day. 
Anti-reflective and anti-soiling coatings are being used on PV module cover glass to 
maintain and/or increase the overall energy output. AR coatings reduce the reflectance 
significantly at the air-glass interface, and hence increase the transmittance. Anti-soiling 
coatings reduce the adhesion of soiling on the PV module surface or at least create a 
surface that is easier to clean. Despite its importance, previous works assessing the 
durability of these coatings are very limited. 
In this thesis, a range of testing methods has been evaluated and used to assess the 
performance, environmental stability and wear resistance of AR and AS hydrophobic 
coatings. International test standards used in various applications have been 
investigated to understand the suitability of different tests for the assessment of the 
durability of surface coatings for PV cover glass. Different performance parameters and 
characterisation tools were identified to assess the degradation of several coating 
formulations. These tools were used to generate data relevant to the PV application 
before and after coating samples were exposed to stress tests. Currently, problems 
related to sand accumulation are becoming the main concern in MENA region. It is 
important for AR and AS coatings used on solar cover glass to be resistant and retain 
their performance against sand accumulation and sand storms. Therefore, a new test rig 
and procedure was developed to evaluate the durability of the coating for exposure to 
sand. Additionally, a rain drop simulation test was integrated into the same test rig to 
simulate the behaviour of the hydrophobic coatings when exposed to rainy climates.  
Two types of single layer AR (ARC1 and ARC2) and a multi-layer anti-reflective 
(MAR) coatings were evaluated. The test results of ARC1 suggests that the porous 
silica type of AR coating is not resistant against high temperature and humidity. The 
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nanoscale, water-based ARC2 coating showed good resistance against the high 
temperature and humidity conditions. However, the ARC2 coating did not provide good 
resistance against abrasion even with the relatively soft felt pad. The abrasion resistance 
of PV surface coatings is necessary for cleaning of PV modules to avoid the detrimental 
effect of soiling. Thus, the formulation of ASC2 was improved to better withstand the 
abrasion resistance test. The results of ASC2-V2 showed that the AR coating durability 
can be modified to improve performance in the local environment where the coatings 
are to be used. A single layer AR coating provides a simple increase in transmittance 
when applied to a PV module. However, the durability and useful lifetime of such 
coating is an issue. The test results of the MAR coatings designed and produced in 
CREST, showed excellent durability against all environmental and mechanical stresses. 
The 4-layer coating was designed to reduce the reflection of a CdTe device up to 70%. 
MAR coatings are desirable as they can be integrated directly into the thin-film PV 
module production line. The design of the MAR coatings can also be modified to 
achieve the maximum reduction in reflectance for other PV technologies including 
crystalline silicon. 
The anti-soiling hydrophobic coatings were assessed to measure their performance and 
durability. The ASC1 hydrophobic coating has been specifically developed as an anti-
soiling coating for the PV industry. Six variants of the ASC1 coating were developed to 
optimise the performance and durability. The results of the ASC1 coating showed that 
focusing on the improvement of specific stresses is an achievable target when 
developing an anti-soiling coating. Therefore, anti-soiling hydrophobic coatings should 
be designed and developed for the specific local climatic conditions. A commercially 
available ASC2 hydrophobic anti-soiling coating was assessed to compare the 
performance and durability of the ASC1 coating during the development stages. The 
ASC2 coating showed good resistance to mechanical stresses. The results after UV 
exposure also showed that ASC2 coating is resistant against UV light. However, the 
results after damp heat tests show that the ASC2 coating is not durable in high 
temperature and humid conditions.  
The application of hydrophobic coatings to PV cover glass is technically demanding 
and thorough testing with a comprehensive range of testing methods is required. ASC3, 
ASC4 and ASC5 hydrophobic coatings were developed for other, non-PV applications. 
These coatings were tested and assessed to investigate their suitability for use in the PV 
applications. The ASC3 and ASC5 coatings showed good durability against mechanical 
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stresses. However, they both failed to perform well under outdoor testing conditions. 
They also showed poor performance in the laboratory UV light exposure test. The XPS 
and TEM analyses showed that the degradation of hydrophobic performance was due to 
the reduction of nanoparticles and fluorine on the coating surface. The carbon-fluorine 
(C-F) has bond energy of ~485 kJ mol-1 which makes it unbreakable with the used UV 
light exposure (320 nm to 400 nm). However, it has been reported that the band area 
proportion of C-F bonds decrease with extended UVA exposure times [197]. This can 
be described by the split of low bond energy of carbon-carbon (C-C) after exposure to 
the UV light used (UVA+UVB), which resulted in the evaporation of C-F bonds that 
are attached to the C-C bonds. These coatings were mainly designed for use on 
spectacle lenses and not for the solar PV applications. The spectacles lenses are mostly 
designed for indoor use, and hence, resilience to UV and sunlight was not an important 
criterion in their design. It may be that a UV inhibitor could be added to formulations to 
enhance their suitability for use in PV applications. Nevertheless, the ASC5 coating 
showed excellent stability against DH and TC exposure. This indicates that the coatings 
may resist the harsh environmental stresses such as damp heat and thermal cycling, but 
they may still be susceptible to damage under UV exposure. The ASC4 coating showed 
good durability against TC and UV and retained its hydrophobicity after 1000 hours of 
damp heat exposure. The WCA of ASC4 coating reduced significantly, but it remained 
hydrophobic after 200 hours of DI water immersion. The coating showed differing 
abrasion resistance against different abrasive materials. The ASC4 coating had good 
adhesion to the glass substrate with good durability against abrasion with cheesecloth 
and felt pad. However, a harder scour pad damaged the surface of ASC4 severely. All 
three hydrophobic coatings failed to perform well against the industry standard abrasive 
materials such as CS8 and CS10.  
 
8.2 Recommendations for Future Work 
The main purpose of this work was to monitor the degradation of AR and AS 
hydrophobic coatings under various environmental and mechanical stresses. Analysis of 
the surface morphology using SEM was one of the main techniques utilised in this 
project. Focussing on a detailed morphological analysis of surface coatings with the 
help of SEM and TEM under the same environmental stresses with frequent 
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intermediate analysis would be useful to understand the prevalent degradation 
mechanisms of individual coatings. 
The performance of AS hydrophobic coatings was monitored by WCA and RoA 
measurements throughout the stress tests. It would be useful to develop a dust 
deposition chamber with a wind tunnel to evaluate the relationship between the WCA 
and RoA and the actual anti-soiling performance of the coatings. The dust deposition 
chamber can also be used to monitor the effects of environmental and mechanical 
stresses on AS coatings with a sufficient number of samples. 
The AS coatings could also be modified to have an anti-reflection property, as seen in 
the ASC1 coating. However, if this is not possible, application of a transparent AS 
hydrophobic coating on top of AR coating could be considered to achieve both AS and 
AR properties on PV cover glass. However, to avoid the optical interference effects 
with the AR coating, the AS coating would have to be as thin as possible e.g. <~10nm. 
The application of AS coating would also protect the AR coating against environmental 
stresses and may extend its performance and durability. The design and performance of 
two coatings deposited together can be worth of investigation.  
The application of AS coatings on PV modules on a monitored solar farm should be 
considered. This would enable real world data to be collected in locations where soiling 
is a major problem. Comparison of the output power of the coated and uncoated PV 
modules could be carried out. Furthermore, to analyse soiling related failure 
mechanisms, an aerial thermographic or electroluminescence (EL) analysis of the 
coated and uncoated PV modules could be investigated and compared to understand the 
effect of the AS coatings. A comparison between the soiling rate in the field and the 
artificial soiling rate in a dust deposition chamber could be investigated in order to 
develop more realistic laboratory tests which would be useful for assessing the 
performance of PV anti-soiling coatings.  
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